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PREFACE 


Reflecting over 27 years of experience in the classroom, this comprehensive textbook on 
digital circuits is developed to provide a solid grounding in the foundations of basic design 
techniques. Using the student-friendly writing style, the text introduces the reader to digital 
concepts in a simple and lucid manner with an emphasis on practical treatment and real- 
world applications. A large number of typical examples have been worked out, so that the 
reader can understand the related concepts clearly. Most of the problems in the book have 
been classroom tested. The book blends basic digital electronic theory with the latest in 
digital technology. The text is, therefore, suitable for use as course material by 
undergraduate students of electrical engineering, electronics, computer science, 
instrumentation, telecommunications, and information technology. As there is no specific 
prerequisite to understand the book except for an elementary knowledge of basic 
electronics, it can also be used by students of polytechnics and undergraduate science 
students pursuing courses in electronics and computer science. 

The switching devices used in digital systems are generally two-state devices. So, it is 
natural to use binary numbers in digital systems. Human beings can interpret and understand 
data which are available in decimal form. Binary data can be represented concisely using the 
octal and hexadecimal notations. For this reason, decimal, binary, octal, and hexadecimal 
number systems, conversion of numbers from one system to another and arithmetic 
operations in those systems are discussed in Chapter 2. : bn 

To provide easy communication between man and machine, and also for ease of use 
in various devices and for transmission, decimal numbers, symbols, and alphabets are coded 
in various ways. Several codes and arithmetic operations involving some of those codes are 
am. blocks used to construct combinational circuits a logic ae 
Various logic gates and the functions performed by them are geane is cpu " p 
diagrams of various IC gates and the ANSI/IEEE logic symbols for the gates and the chip 
are also given. re ids T 

The on designer must determine how to quee E ee ie ei 
convert the circuit input signals to the als emu boe de ceases 
input and Sutputysignals: can be Ret Rn VERE ale s It also deals with how to 
introduces the basic laws and theorems of Boolean algebra. It als 


convert algebra to logic and logic to algebra. i í ke 
Shack from a MN problem statement, the first step in designing a combinational 
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; - TI gic equations which descri 
simplified. The simplification of logic EE O 
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synchronous, and ring counters are discussed in Chapter 10. 
Most of the gates, flip-flops, counters, 

decoders, etc. are available in several digital 1 

COMS class of logic families are introduced in Chapter 11. 
Systematic design of sequential machines 


n 1 is very essential. The design procedures of 
S sequential machines using state diagrams and state tables are outlined in 


shift registers, arithmetic circuits, encoders, 
logic families. The TTL, ECL, IIL, MOS, and 


Data processing requires conversion of signals from analog to digital form and from 
to analog form. Various types of analog to digital (A/D) and digital to analog (D/A) 
Converters are explained in Chapter 13. 

Modem data processing systems require the permanent or semi-permanent storage of 
large amounts of data. Both semiconductor and Magnetic memories for this purpose are 
discussed in Chapter 14. 

I express my profound gratitude to all those without whose assistance and cooperation, 
this book would not have been successfully completed. I thank my colleague Mr. N.S. Rane, 
who patiently drew all the figures in the book. I am appreciative of the help provided by 
Mr. L. Krishnananda, who typed most portions of the manuscript. 

I am grateful to Mr. Ravi Yadahalli, Mr. Dharmaraj and Mr. A. Radhakrishna for their 
constant help and valuable suggestions. I acknowledge with gratitude the constant 
encouragement received from late Prof. B.N. Devaraj, in writing this book. 

Finally, 1 am deeply indebted to my wife, A. Jhansi, for her moral support during the 
writing of this book. I affectionately appreciate my sons, Sunit and Anil, who inspired me 
e vmi. tee will gratefully acknowledge suggestions from both students and teachers for 
further improvement of this book. 


A. Anand Kumar 


Chapter 1 


INTRODUCTION 


1.1 DIGITAL AND ANALOG SYSTEMS 


Electronic circuits and systems are of two kinds—analog and digital. The distinction between 
them is not so much in the types of semiconductor devices used in these circuits as it is in 
voltage and current variations that occur when each type of circuit performs the function for 
which it is designed. Analog circuits are those in which voltages and currents vary continuously 
through the given range. They can take infinite values within the specified range. For example, 
the output voltage from an audio amplifier might be any one of the infinite values between — 
10 V and + 10 V at any particular instant of time. Other examples of analog devices include 
signal generators, radio frequency transmitters and receivers, power supplies, electric motors 
and speed controllers, and many analog type instruments—those having pointers that move in 
a continuous arc across a calibrated scale. By contrast, a digital circuit is one in which the 
voltage levels assume a finite number of distinct values. In virtually all modern digital circuits, 
there are just two discrete voltage levels. However, each voltage level in a practical digital 
system can actually be a narrow band or range of voltages. : 

Digital circuits are often called switching circuits, because the voltage levels in a digital 
Circuit are assumed to be switched from one value to another instantaneously, that is, the 
transition time is assumed to be zero. z , 

Digital circuits are also called /ogic circuits, because each type of digital ertentt ee 
certain set of logic rules. The manner in which a logic circuit responds to an input is referred 
to as the circuit’s logic. s : , j Estate ste 

Digital systems are used extensively in computation and data processing, co p y i E 
communications and measurement. Digital systems have a number of advantages (ai 
Systems. Many tasks formally done by analog systems are now being inesse digitally. The 
chief reasons for the shift to digital technology are summarized below 


Digital systems are easier to design. The switching circuits in which there are only two 


voltage levels, HIGH and LOW, are easier to design. The exact numerical vis o wines 
: H ifi o ps a c] ey fa 
are not important because they have only logical significance; only the pae na Ma ida 
is important. In analog systems, signals have numerical significance; so, their design is 
involved. 
types of semiconductor and magnetic memories 


i y. There are many 
Information storage is easy cessary. 


of large capacity which can store data for periods as long as n 
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2 Fundamentals of Digital Circuits 


systems can also be programmed, the variety of the available o 


Digital circuits are less affected by noise. Unwanted electrical signals are called nois, Noi 

is unavoidable in any System. Since in analog systems the exact values of dnos ES 
important and in digital systems only the range of values is important, the effect of d 
more severe in analog systems. In digital systems, noise is not critical as long as it is not | 4 
enough to prevent us from distinguishing a HIGH from a LOW. in 


More digital circuitry can be fabricated on IC chips. The fabrication of digital ICs is 
simpler and economical than that of analog ICs. Moreover, higher densities of integration can 
be achieved in digital ICs than in analog ICs, because digital design does not require high 
value capacitors, precision Tesistors, inductors and transformers (which cannot be integrated 
economically) like the analog design. 


Limitations of digital techniques 


Even though digital techniques have a number of advantages, they have only one major 
drawback. 


THE REAL WORLD IS ANALOG 


Most physical quantities are analog in nature, and it is these quantities that are often the inputs 
and outputs and continually monitored, operated and controlled by a system. When these 
quantities are processed and expressed digitally, we are really making a digital approximation 
to an inherently analog quantity. Instead of processing the analog information directly, it is first 
converted into digital form and then processed using digital techniques. The results of 
Processing can be converted back to analog form for interpretation. Because of these 
conversions, the processing time increases and the system becomes more complex. In most 
cases, these disadvantages are outweighed by numerous advantages of digital techniques. 
However, there are situations where using only analog techniques is simpler and more 
economical. Both the analog and digital techniques can be employed in the same system to 
advantage. Such systems are called hybrid systems. But the tendency today is towards 
employing digital systems because the economic benefits of integration are of overriding 
= The design of digital systems may be roughly divided into three stages—SYSTEM 
DESIGN, LOGIC DESIGN, and CIRCUIT DESIGN. System design involves breaking the 
overall system into subsystems and specifying the characteristics of each subsystem. For 
example, the system design of a digital computer involves specifying the number and type 
of memory units, arithmetic units and input-output devices, as well as specifying the 
interconnection and control of these subsystems. Logic design involves determining how to 
interconnect basic logic building blocks to perform a specific function. An example of logic 
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design is determining the interconnection of logic gates and fli 

e A as ak P-flops required to perform 
binary addition. Circuit design involves specifying the interconnection of specific E 
such as resistors, diodes and transistors to form a gate, flip-flop or any other logic building block. 
This book is largely devoted to a study of logic design and the theory necessary for understanding 
the logic design process. 4 


1.2 LOGIC LEVELS AND PULSE WAVEFORMS 


Digital systems ig the binary number system. Therefore, two-state devices are used to 
represent the two binary digits 1 and 0 by two different voltage levels, called HIGH and LOW. 
If the HIGH voltage level is used to represent | and the LOW voltage level to represent 0, the 
system is called the positive logic system. On the other hand, if the HIGH voltage level represents 
0 and the LOW voltage level Tepresents l, the system is called the negative logic system. 
Normally, the binary 0 and 1 are represented by the logic voltage levels 0 V and +5 V. So, in 
a positive logic system, 1 is represented by + 5 V (HIGH) and 0 is represented by 0 V (LOW); 
and in a negative logic system, 0 is represented by * 5 V (HIGH) and 1 is represented by 0 V 
(LOW). Both positive and negative logics are used in digital systems, but the positive logic is 
more common. For this reason, we will use only the positive logic system in this book. 

In reality, because of circuit variations, the 0 and 1 would be represented by voltage ranges 
instead of particular voltage levels, Usually, any voltage between 0 V and 0.8 V represents the 
logic 0 and any voltage between 2 V and 5 V represents the logic 1. Normally, all input and 
output signals fall within one of these ranges except during transition from one level to another. 
The range between 0.8 V and 2 V is called the indeterminate range. If the signal falls between 
0.8 V and 2 V, the response is not predictable. 

Digital circuits are designed to respond predictably to input voltages that are within the 
specified range. That means, the exact values of voltages are not important and the circuit 
gives the same response for all input voltages in the allowed range, i.e. a voltage of 0 V gives 
the same response as a voltage of 0.4 V or 0.6 V or 0.8 V. Similarly, a voltage of 2 V gives 
the same response as a voltage of 2.8 V or 3.6 V or 4.7 V or 5 V. à 

In digital circuits and systems, the voltage levels are normally changing back and forth 
between the HIGH and LOW states. So, pulses are very important in their operation. A pulse 
may be a positive pulse or a negative pulse. A single positive pulse is generated pben a 
normally LOW voltage goes to its HIGH level and then returns to its normal LOW level E 
shown in Fig. l.1a. A single negative pulse is generated when a normally HIGH voltage goes 
to its LOW level and then returns to its normal HIGH level as shown in Fig. 1.1b. 


HIGH --- 


Trailing 
Trailing Leading edge 


edge edge 


(a) Positive pulse (b) Negative pulse 


Fig. 1.1 Ideal positive and negative pulses. 
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As indicated in Fig. l.l, a 
positive pulse, the leading edge is a positive going transition (PGT or risin 
trailing edge is a negative going transition (NGT or falli 
the leading edge is a negative goi i 
transition (PGT). The pulses shown in Fig. 1.1 are ide. 
Change instantaneously, i.e. in zero time. Practical e: 


LOW to HIGH or from HIGH to LOW, 

A non-ideal pulse is shown in Fig. 1.2. It has finite ri 
the pulse to rise from LOW to HIGH is called the rise ti 
to go from HIGH to LOW is called the fall time. Beca 
occur at the bottom and top of the pulse, the rise time is 
to rise from 10% to 90% of 


Pulse width 2 
< t-> 
Fall time 
Fig. 1.2 Non-ideal pulse characteristics. 


. Most waveforms encountered in digital systems are composed of a series of pulses and can 
be classified as periodic waveforms and non-periodic waveforms. A periodic waveform is one 
which repeats itself at regular intervals of time called the period, 7. A non-periodic waveform, 
of course, does not repeat itself at regular intervals and may be composed of pulses of different 
widths and/or differing time intervals between the pulses. The reciprocal of the period is called 
the frequency of the periodic waveform. Another important characteristic of the periodic pulse 
waveform is its duty cycle which is defined as the ratio of the ON time (pulse width 1,) to the 
period of the pulse waveform. Thus, 


Rise time 


EN EN 
J= T and duty cycle T 


1.3 ELEMENTS OF DIGITAL LOGIC 


i isi T i hich can 
our daily we make many logic decisions. The term logic refers to something w 
wares de In many situations, the problems and processes that we encounter, can be 
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expressed in the form of Propositional or logic functions. Since these functions are true/false, 
yes/no statements, digital circuits with their two-state characteristics are extremely useful. 
Several logic statements when combined form logic functions. These logic functions can be 
formulated mathematically using Boolean algebra (which is a system of mathematical logic) 
and the minimal expression for the function can be obtained using minimization techniques. 
There are four basic logic elements using which any digital system can be built, They are the 
three basic gates—NOT, AND and OR, and a flip-flop. In fact, a flip-flop can be constructed 
using gates. So, we can say that any digital circuit can be structe: ing / gates. 
addition to the three basic gates, there are two universal gates called NAND and NOR. They 
are called universal gates, because any circuit of any complexity can be constructed using only 
NAND gates or only NOR gates. In addition, there are two more gates called XOR and XNOR. 
We will learn about the characteristics of these gates and flip-flops in the later chapters 

Using logic gates and flip-flops, more complex logic circuits like counters, shift registers, 
arithmetic circuits, comparators, encoders, decoders, code converters, multiplexers, 
demultiplexers, memories, etc, can be constructed. These more complex logic functions can 
then be combined to form complete digital systems to perform specified tasks. 


1.4 FUNCTIONS OF DIGITAL LOGIC 


Many operations can be performed by combining logic gates and flip-flops. Some of the more 
common operations are arithmetic operations, comparison, code conversion, encoding, 
decoding, multiplexing, demultiplexing, shifting, counting and storing. These are all discussed 
thoroughly in the later chapters. The block diagram operation is given below. 


Arithmetic Operations 


The basic arithmetic operations are, addition, subtraction, multiplication and cisions - 
The arithmetic operation of addition is performed by a digital logic circuit called the a v" 
Its function is to add two numbers addend (A) and augend (B) with a Eur (CI), Es 
generate a sum term (S) and a carry output term (CO). Figure 1.3a is a block p eu 
adder. It illustrates the addition of the binary equivalents of 8 E 6 with a carry input of 1, 
which results in a binary sum term 5 and a carry output term l. 0 eicere 
The E en Fe of subtraction can be performed by a E xa ela 
the subtractor. Its function is to subtract subtrahend (A) from Buen On ps Sa 
borrow input (BI) and to generate a difference term (D) and a borrow outpu 1 


8 A D ) Binary 
Binary ! AE difference 5 


input 
digits 3 E) Beubtractor 

» BO [—? Borrow 
PIT : B output 1 
inpul 


dd (b) The subtractor 
(a) The adder 


eT OT 2070 14:22 


ee I 


pus in a binary difference term 5 and a borrow output term 1 
e arithmetic operation of multiplication can be eati i 

t ari peratior performed by a digital lo. ic circui: 
the multiplier. Its function is to multiply multiplicand (A) by "iita (B) MEM 
ciens term (P). Since multiplication is simply a series of additions with shifts in the Bot es 
of the partial products, it can be performed using an adder. Figure 1.4a is a block lian or 


a multiplier. It illustrates: the multiplication of 6 by 4, which results in the Product term 24 


Binary Binary 
Product 24 input 
digits 


quotient 7 


Divider 
| > Remainder 2 


(a) The multiplier (b) The divider 
Fig. 1.4 The multiplier and the divider. 


Encoding is the process of converting a familiar number or symbol to some coded form. An 
encoder is a digital device that receives digits (decimal, octal, etc.), or alphabets, or special 
symbols and converts them to their Tespective binary codes. In the octal-to-binary encoder 
shown in Fig. 1.5a, a HIGH level on a given input corresponding to a specific octal digit 
produces the appropriate 3-bit code (ABC) on the output levels. The figure illustrates encoding 
of the octal digit 6 to binary 110. 


Decoding 


Decoding is the inverse operation of encoding. A decoder converts binary-coded information 
(ABC) to unique outputs such as decimal, octal digits, etc. In the binary-to-octal decoder shown 
in Fig. 1.5b, a combination of specific levels on the input lines produces a HIGH on the 
corresponding output line. The figure illustrates decoding of the binary 110 to octal digit 6. 


Multiplexing 
Multiplexing sharing. It is the process of switching information from several lines on to 
a single line in a specified sequence. A multiplexer or data selector is a logic circuit that accepts 


i 
|] 
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0 
Í 0 
2 A HIGH ; 
Octal 3 HIGH | Binary 
B Binary] HIGH 3 Octal 
dat 4 Encoder a LOW jon input Decoder | ,| pdigit 
inpu 5 a E outputs 
HIGH 
; e 
7d NE 


6 —— 110 110 — 6 
(a) The encoder (b) The decoder 
Fig. 1.5 The encoder and the decoder. 


several data inputs and allows only one of them to get through to the output. It is an N-to-1 
device. In the multiplexer shown in Fig. 1.62, if the switch is connected to input A for time ¢,, 
to input B for time 4, to input C for time ¢, and to input D for time t4, the output of the 
multiplexer will be as shown in the figure. This figure illustrates a 4-to-1 multiplexer. 


#— ^ LOW during t, 


t 
o—L— B HIGH during t; 


HIGH A 


Multiplexed 


LOW B serial es 
output 4 
nel HIGH C ot C LOW during ty 
LOW D dais dx ot — |. p HIGH during t, 
Multiplexer Demultiplexer 
(a) The multiplexer (b) The demultiplexer 
Fig. 1.6 The multiplexer and the demultiplexer. 
Demultiplexing 


Demultiplexing operation is the inverse of multiplexing. Presses ceni 
Switching information from one input line on to several output lines. s P. 


i i istri s it ove reral outputs. It is a 1-to-N 
; ircui i nput and distributes it over severa c 
d eran E f the switch is connected to output A for time 


device. In the demultiplexer shown in Fig. 1.6b, i RES e f the 
4, to output B for ed 1, to output C for time 4 and to output D fos vise "i = A ai e 
demultiplexer will be as shown in the figure. The figure illustrates a 1-to- xer. 


Comparison 
output signal indicating whether the 


A logic circuit used to compare two quantities and give an 


hi is greater, is call 
peesespr- 012010714 :22 
a a a 
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comparator. Figure 1.7a shows the block diagram of a comparator. The binary representations 
of the quantities A and B to be compared are applied as inputs to the comparator. One of ite 
outputs, A < B, A=BorA>B goes HIGH, depending on the magnitudes of the wem 
quantities. The figure illustrates comparison of 8 and 4, and the result is HIGH (8 > 4). 


Comparator 


HIGH : i 
aa 
‘ Input | 1 
— Code Oi 
LOW Outputs BCD converter eu 
inputs code | 4 oda 
4 
Low 0 1 


HIGH level indicates 
that A is greater than B 


(a) The comparator (8> 4) (b) The code converter 


Fig. 1.7 The comparator and the code converter. 
Code Conversion 


A logic circuit used to convert information coded in one form to another form is called a code 
converter. Figure 1.7b shows the block diagram of a BCD to XS-3 code converter. The figure 
illustrates conversion of decimal digit 6 coded as 0110 in 8421 BCD form to 1001 in XS-3 form. 


Storage 


Storage and shifting of information is very essential in digital systems. Digital circuits used for 
temporary storage and shifting of information (data), are called registers. Registers are made 
up of storage elements called flip-flops. Figure 1.8a shows the shifting or loading of data into 
a register made up of four flip-flops. After each clock pulse, the input bit is shifted into the first 

ip-flop and the content of each flip-flop is shifted to the flip-flop to its right. Figure 1.8b 
shows the shifting out of data from the register. The content of the last flip-flop is shifted out 
and lost. 


Counting 


The counting operation is very important in digital systems. A logic circuit used to count the 
number of pulses inputted to it, is called a counter. The pulses may represent some events. In 
order to count, the counter must remember the present number, so that it can go to the next 
Proper number in the sequence when the next pulse comes. So, storage elements, i.e. flip-flops 
are used to build counters too. Figure 1.9a shows the block diagram of a counter. 


Frequency Division 


A counter also be used to perform frequency division. To divide a signal of frequency 
J by N, the signal is applied to a mod-N counter. The output of the counter will be of frequency 
JIN. Figure 1.9b shows the block diagram of a frequency divider. 


toe et] [| 


Initial state 


-onra 


After the third clock pulse 


Initial state 


After the third clock pulse 


After ti 


he first clock pulse 


After the fourth clock pulse 
(a) Storage of data 


E 


After the first clock pulse 


After the fourth clock pulse 
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pscing 


After the second clock pulse 


[o TH» 


After the second clock pulse 


1011 


(b) Transfer of data. 


Fig. 1.8 Storage and transfer of data. 


-J= E 
1 


(a) The counter 
Fig. 1.9 The counter and the frequency divider. 


Coded output 
indicates the number 
of pulses inputted 


Frequency 
divider 


MUL 


(b) The frequency divider 


Data Transmission 


One of the most common operations that occurs in any digital system EE eo E 
information (data) from one place to another. The distance over N rj Mei eerie 
transmitted may be very small or very large. The gotcemstan i to the inputs of 
representing voltages at the outputs of a sending circuit which are cop eT 
a receiving circuit. There are two basic methods for transmission 
parallel and serial. : ; $ nnectin 
In expen transmission, all the bits are trans mitted SEM si Si ds et deis 
line is required for each bit. Though data transmission is is t = ewer 
; between the transmitter and the receiver is more. [hr semet ied bit-by-bit. So, only one 
On the other hand, in serial transmission, the information is E receiver. Hence, a serial 
Connecting line is sufficient between the transmitter and the 


i ji llel and 
isei e principal trade-off between paral 
transmission is simpler and cheaper, but slower. The princ p Er AE eee 


ed versus circu 


Serial transmissions is, therefore, ope o Sn hows "TA 
Parallel data transmission of 8 bis g 0 a 20 T i) : 
B 


B. 

B RUN 
ircuit 

B, ) 

B, 

Transmitter 

(Circuit A) ^n B, Receiver 


A, 
A 
Transmitter hs 
^ 
^ 
A, 
A 


(Circuit B) 


(a) Parallel transmissi 
ission of data (b) Serial transmission of data 


Fig. 1.10 Parallel and Serial data transmission. 


1.5 DIGITAL INTEGRATED CIRCUITS 


All of the logic functions that we have enumerated 
integrated Circuit ac) form. Modern digital systems utilize inte: 
A monolithic IC is an electronic circuit, that is construi 


ICs have the advantages of low cost, low power, smaller size and high reliabil; 
E tall = zu Jan gh reliability over 
made ome de iq E. Eo applications where a circuit must be ‘custom 
s are Principally used to perform low power circuit operations such as inf i 
Processing. ICs cannot handle very large voltages or currents as the heat generated in BE tiny 
E E. inm opere to rise beyond acceptable limits resulting in burning out 
1 cannot easily implement certain electrical devices isi i 
< s opes ces such as precision resistors, 
ICs may be classified as analog (linear) and digital. Digital ICs are complete functioning 
blocks as no additional components are required for their operation. The output may be 
obtained by applying the input. The output is a logic level 0 or 1. For analog ICs, external 
components are required. Digital ICs are a collection of resistors, diodes, and transistors 
fabricated on a single chip. The chip is enclosed in a protective plastic or ceramic package from 
which pins extend for connecting ICs to other devices. There are two main types of packages: 
dual-in-line package (DIP) and the flat package. 


Levels of integration 

Digital ICs are often categorized according to their circuit complexity as measured by the 
number of equivalent logic gates on the substrate. There are currently five standard levels of 
complexity. 


poids oe . v * ts 
Small scale integration (SSI). The least complex digital ICs with less than 12 gate circuii 
on a single chip. Logic gates and flip-flops belong to this category. 
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Medium scale integration (MSI) With 12 to 99 gate circuits on a single chip, the more 


complex logic circuits such as encoders, decoders, counters, registers, multiplexers, arithmetic 
circuits, etc. belong to this category, 


Large scale integration (LSI). With 100 to 9999 Bate circuits on a single chip, small 
memories and small microprocessors fall in this category. 


Very large scale integration (VLSI). ICs with complexities ranging from 10,000 to 99,999 
gate circuits per chip fall in this category. Large memories and large microprocessor systems, 
etc. come in this category. 


Ultra large scale integration (ULSI). With complexities of over 100,000 gate circuits per 
chip, very large memories and microprocessor systems and single-chip computers come in this 
category. 

Digital ICs can also be categorized according to the principal type of the electronic 
component used in their circuitry. They are: 


(a) Bipolar ICs—which use BJTs 
(b) Unipolar ICs—which use MOSFETs. 


Several integrated-circuit fabrication technologies are used to produce digital ICs. 
Presently, digital ICs are fabricated using TTL, ECL, IIL, MOS and CMOS technologies. Each 
differs from the other in the type of circuitry used to provide the desired logic operation. While 
TTL, ECL and IIL use bipolar transistors as their main circuit elements, MOS and CMOS use 
MOSFETs as their main circuit elements. These technologies are also called logic families. 
Several sub-families of these main logic families are also available. 


1.6 MICROPROCESSORS 


A microprocessor is a LSI/VLSI device, that can be programmed to perform arithmetic and 
logic operations and other functions in a prescribed sequence for the movement and processing 
of data. Microprocessors are available in word lengths of 4, 8, 16, 32 and 64 bits. Presently, 
128-bit microprocessors are being used in some prototype computers. The 4-bit processors are 
virtually obsolete. Because of their small size, low cost and low power consumption, 
microprocessors have revolutionized the digital computer system technology. The 
microprocessor is used as the central processing unit in microcomputer systems. The speed of 


the microprocessor determines the maximum speed of a microcomputer. 
Address bus 


The arrangement of circuits within the 
ALU Register 
socion 


microprocessor (called its architecture) permits 
Control and K Contolbus » 


many different instructions. In addition to arith- 
metic and logic operations, the microprocessor 
controls the flow of signals into and out of the 
computer, routing each to its proper destina- 
tion in the required sequence to accomplish a 
specific task. The interconnections or paths along 


the system to respond correctly to each of the 
timing section 


Block diagram of the 


which signals flow are called buses. Figure 1.11 Fig. 1,44 
shows a block diagram of the mip 0 OTO T4 x 2 2 
a B B 
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1.7 DIGITAL COMPUTERS 


Major Parts of a Computer 


There are several types of computer systems, but each can be b 
a Each unit performs specific functions, and all the units function together to 
= bc es opem E the program. Figure 1.12 shows the five major functional 
MN 'omputer an eir interconnections. The solid lines with arrows represent 
h of information. The dashed lines with arrows represent the flow of timing and control 
signals. The major functions of each unit are described below: » 


roken down into the same 


Input unit. Through this unit, a complete set of instructions and data is fed into the memory 
unit to be Stored there until needed. The information typically enters the input unit by means 
of a magnetic tape, or a keyboard. 


Fig. 1.12 Block diagram of the digital computer. 


Memory unit. In addition to the instructions and data received from the input unit, the 
memory stores the results of arithmetic and logic operations received from the arithmetic and 
logic unit. It also supplies information to the output unit. 

Control unit. This unit takes instructions from the memory unit one at a time and interprets 
them. It then sends the appropriate signals to all the other units to cause the specific instruction 
to be executed. ; 
Arithmetic and logic unit. All arithmetic calculations and logical decisions are performed in 
this unit. It then sends the results to the memory unit to be stored there. 
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it. This unit takes data from the memory unit and 


formation to the operator. prints out, displays or otherwise 
[0 v 


Output un 
presents m 


4.8 TYPES OF COMPUTERS 


The number of computer types depends on the criteria used to classify them. Computers differ 
in their physical size, operating speed, memory capacity and processing capability as well as 
in respect of other characteristics. The most common way to classify computers is by their 
physical size, which usually but not always is indicative of their relative capabilities. The three 
basic classifications are: microcomputer, minicomputer, and mainframe 

The microcomputer is the smallest type of computer. It generally consists of several IC 
chips including a microprocessor chip, memory chips, and input-output interface chips along 
with input-output devices such as a keyboard and video display. Microcomputers resulted from 
the tremendous advances in IC fabrication technology that has made it possible to pack more 
and more circuitry into a small space. Figure 1.13 shows a block diagram of the microcomputer 
system. 3 : : - 
Minicomputers are larger than microcomputers and are widely used in industrial control 
systems, research laboratories, etc. They are generally faster and possess more processing 
capabilities than microcomputers. à f 

Mainframes are the largest computers. These maxicomputers include complete systems of 
peripheral equipment such as magnetic tape units, magnetic disk units, card punchers and 
readers (now obsolete), keyboards, printers and many more. Applications of eee range 
from computation-oriented science and engineering problem-solving to ase ag 
applications, where emphasis is on monitoring and updating of large quantities o 


information. 


Microprocessor 


To 


kom operator 


operator 


i m. 
Fig. 1.13 Block diagram of thé microcomputer syste! 
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SUMMARY 


LI Analog Circuits are those in which vol 
given range. 


e Digital Circuits are those in w 
distinct values. 


tages and currents vary continuously through the 

hich the Voltage levels can assume only a finite number of 
TO) 

* Digital systems are more versatile, easier to design, 


and precise than analog systems. 


* The onl j igi i i 
E! Shales major drawback of digital techniques is that, “ 


* Hybrid systems employ both analog and digital techniques. 


* In a positive logic System, the HIGH i 
pad arian voltage level represents logic 1 and the Low 


less affected by noise, more accurate 


real world is not digital, it 


* In a negative logic System, the LOW i 
dan, amid vici voltage level represents logic 1 and the HIGH 

P ini ze gos pulse is the height of the pulse, usually expressed in volts. 

7 € à me z= the =e taken by the pulse to rise from 10% to 90% of its amplitude. 
Ba -— is the time taken by the pulse to fall from 90% to 10% of its amplitude. 

^ 5 ETE " 

se width is the time interval between the 5094 points on the leading and trailing edges. 

Pulse waveforms may be periodic or non-periodic. 

A poe pae waveform repeats itself at regular intervals of time called the period (T). 

= — = waveform does not Tepeat itself at regular intervals of time and may 

th E of pulses of differing pulse widths and/or differing time intervals between 

. sad cycle of a periodic pulse waveform is the ratio of the ON time to the period of the 

e Encoding is the process of converting a familiar number or symbol to some coded form. 
An encoder is a digital device that performs encoding. 

e Decoding is the process of converting binary coded information to a familiar number or 
symbol. A decoder is a digital device that performs decoding. 

. Multiplexing is the process of switching information from several lines on to a single line 
in a specified sequence. A multiplexer or data selector is a logic circuit that accepts 
several data inputs and allows only one of them to get through to the output. 

* Demultiplexing is the process of switching information from one input line on to several 
output lines. A demultiplexer is a digital circuit that takes a single input and distributes 
it over several output lines. 

æ A comparator is a logic circuit used to compare two quantities and give an output signal 
indicating whether the two input quantities are equal or not, and if not which of them is 
greater. 

e A code converter is a logic circuit used to convert information coded in one form to 


another form. 


ret Eia 


' 
A 
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o Digital circuits used for the temporary Storage and shifting of information are called registers. 

T C pate dus cH of low cost, low power, small size and high reliability over 
discrete circuitry. 

e ICs are principally used to perform low power circuit operations such as information 
processing. 

e ICs cannot handle very large voltages or currents as the heat generated in such tiny 
devices will cause the temperature to rise beyond acceptable limits resulting in burning 
out of ICs. 

e ICs cannot easily implement certain electrical devices such as precision resistors, 
inductors, transformers, and large capacitors. 

e ICs may be analog or digital. 

e Digital ICs are complete functional blocks. The output is obtained by applying the input. 
No other components are required. 

e For analog ICs, external components are required to be connected to them for their 

operation. 

Dual-in-line package and the flat-package are the two main types of IC packages. 

Digital ICs may be classified as unipolar ICs or bipolar ICs depending on the principal 

component used. 

Digital ICs are also classified in terms of gate circuits per chip—SSI (< 12), MSI (12 to 

99), LSI (100 to 9999), VLSI (10,000 to 99,999), and ULSI (> 100,000). 

An integrated circuit (IC) is an electronic circuit constructed entirely on a tiny silicon 

chip. All of the circuit components are an integral part of the chip. 

A microprocessor is a LSI/VLSI device that can be programmed to perform various 

digital functions in any specified sequence. 

Computers differ in their physical size, operating speed, memory capacity, and processing 

capability as well as in respect of other characteristics. 

Based on the physical size, computers may be classified into microcomputers, 

minicomputers, and mainframes. 


QUESTIONS 


What are the advantages of digital systems over the analog systems? What is the chief 


limitation to the use of digital techniques? 

2. What are the two voltage levels normally use adi d o 

3. Why are digital circuits also called (a) logic circuits, and (b) switching guru 

4. Explain the following terms: (a) Pulse, (b) Leading edge ofa pulse, (c) Teng sde: of 
a pulse, (d) Positive pulse, (e) Negative pulse, (f) Pulse width, (g) Amplitude of a pulse, 
(h) Rise time of a pulse, and (i) Fall time of a pulse. i : 

5. What is the difference between periodic and non-periodic pulse waveforms? 

6. What do you mean by the duty cycle of a periodic pulse waveform? 
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ip E terms: (a) Integrated circui 2 
(d) Monolithic IC. circuit, (b) Digital IC, (c) Analog IC, and Chapter 2 


ll. How are ICs classified? 


12. What are the advantages and 
drawbacks of ICs? 
s of ICs? Why ICs cannot handle very large NUMBER SYSTEMS 


voltages and currents? 
= Discuss the different levels of integration of ICs 
4. Name tlie two commonly used IC packages. 


15. What is a microprocessor? 


16. Name the fi : , : 
ive major functional units of a digital computer. 2.1 THE DECIMAL NUMBER SYSTEM 


17. Name the three classes of com; 
puters based on i ; 

physical size. We begin our study of the number systems with the familiar decimal number system. The 
decimal system contains ten unique symbols, 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9. Since counting 
in decimal involves ten symbols, we say that its base or radix is ten. There is no symbol 
for its base, i.e. for ten. It is a positional weighted system. It means that the value attached 
to a symbol depends on its location with respect to the decimal point. In this system, any 
number (integer, fraction, or mixed) of any magnitude can be represented by the use of 
these ten symbols only. Each symbol in the number is called a digit 

The left most digit in any number representation, which has the greatest positional 
weight out of all the digits present in that number, is called the most significant digit (MSD) 
and the right most digit which has the least positional weight out of all the digits present 
in that number, is called the least significant digit (LSD). The digits on the left side of the 
decimal point form the integer part of a decimal number and those on the right side form 
the fractional part. The digits to the right of the decimal point have weights which are 
negative powers of 10 and the digits to the left of the decimal point have weights which 
are positive powers of 10. 

The value of a decimal number is the sum of 
with their respective column weights. The weight of each column is 
the weight of the column to its right. ^ " 

The first digit to the left of the decimal point has a weight of unity or 10°, the second 
digit to the left of the decimal point has a weight of 10 or 10, the third has a weight 
of 100 or 107, and so on. The first digit to the right of t 5 
1/10 or 107 i the second digit to the right has a weight of 1/100 or 1077, the third has a 
weight of 1/1000 or 107°, and so on. 

In general, the value of any mixed decimal number 


d, d. 1 d, 2: di do d-a d.a d... Lk 


the products of the digits of that number 
10 times greater than 


^ the decimal point has a weight of 


is given by 
(d, x 10") + (d, , x 107) *.. 
ac .. scite 2 9. This is a mixed number. 
Consider the decimal number 9256.26 using digits 2, 5, 6, 9. 10S 7 
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Hence, 


= 9x 1000+ 2x 100+5x 10+6x 
=9x10?+2x 10? +5 x 19! 


, using the same digits 2, 5, 6, 9. Here, 


* 2x 105 6 x 107! 4 9 x 19-2 


Note the difference in position values of the same digits, 


positions. when placed in differen: 


Nine's and Ten's Complements 


The 9’s complement of a decimal nu 
decimal number from 9. The 10's com; 
a l to its 9's complement. 


To perform decimal subtraction using the 9's complement method, obtain the 9's 
complement of the subtrahend and add it to the minuend. Call this number the intermediate 
result. If there is a carry, it indicates that the answer is positive. Add the carry to the LSD 
of this result to get the answer. The carry is called the end around carry. If there is no carry, 
it indicates that the answer is negative and the intermediate result is its 9's complement. 
Take the 9's complement of this result and place a negative sign in front to get the answer. 

To perform decimal subtraction using the 10’s complement method, obtain the 10’s 
complement of the subtrahend and add it to the minuend. If there is a carry, ignore it. The 
Presence of the carry indicates that the answer is positive; the result obtained is itself the 
answer. If there is no carry, it indicates that the answer is negative and the result obtained 


is its 10's complement. Obtain the 10's complement of the result and place a negative sign 
in front to get the answer. 


mber is obtained by subtracting each digit of that 
plement of a decimal number is obtained by adding 


EXAMPLE 2.1 Find the 9's complement of the following decimal numbers. 


(a) 3465 (b) 782.54 (c) 4526.075 
Solution 
(a) 9999 (D 999.99 
-3465 -—782:.524 
6534 (9's complement 217.45 (9's complement of 782.54) 


of 3465) 


O 9999.999 
-4526.075 


5473.924 (9s complement of 4526.075) 


EXAMPLE 2.2 Find the 10’s complement of the following decimal numbers. 
(a) 4069 (b) 1056.074 


Number Systems 19 


Solution 
(a) 919.9.9 
-4069 
5930 (9's complement of 4069) 
xc. Add 1 
5:931 (10's complement of 4069) 
(b) 91919:9/:3191919 
-1056.074 
8943.925 (9's complement of 1056.074) 
T^] Add 1 


8943.926 (10's complement of 1056.074) 


EXAMPLE 2.3 Subtract the following numbers using the 9's complement method. 
(a) 745.81 — 436.62 (b) 436.62 — 745.81 


Solution 
TAC 5-81 745.81 s 
i -436.62 — +t563.:.37 (9's complement of 436.62) 
8/0: 9' i, 9 0309.18 (Intermediate result) 
j $ ENT (End around carry) 
3:0 9 5 1*0 (Answer) 
512 436.62 Loved: 
Z - 5 1 : 81 => 2254.18 (9's complement of 745.81) 
309 19 690.80 (Intermediate result with no carry) 


The 9's complement of 690.80 is 309.19. 
Therefore, the answer is — 309.19. 


EXAMPLE 2.4 Subtract the following numbers using the 10's complement method. 
(a) 2928.54 — 416.73 (b) 416.73 — 2928.54 


Solution 
2928.54 ; 
io s : E , ; h => 9583.27 (10's complement of 416.73) 
urere 2511.81 (Ignore the carry) 
The answer is 2511.81. 
45136:.u1 3 , 
i dem : i : A zodmuh 2 71.46 (10’s complement of 2928.54) 
-2511.81 7488.19 (No carry) 


The 10’s complement of 7488.19 is 2511.81. 
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2.2 THE BINARY NUMBER SYSTEM 
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Table 2.1 Counting in binary 


d are 0 and 1, A itself can Decimal number Binary numb i 
consists of a sequence of bits, each of ded digit is called a bit. A binar in ae io eo aray fue 
separates the integer which is either a 0 or a | x number 0 0 20 
i and fraction parts. Each d à l. The binary poi 1 t0100 
Position relative to the binary point. The w dese carries a weight based on int 1 21 10101 
< greater than the weight of th S eight of each bit position i 5 10 22 10110 
‘ g € position ` IS one pow 
of the binary point has a weight ie zl aid: Sab right. The first bit A icy 4 1 M 24 a et 
second bit to the left has a column is called the unj QR ule 
weight of 2! and it is : units column. Th 5 101 
left has a weight of 2 nd it is in the 2’s column. T N s e 25 11001 
2° and it is in the 4's colu nn. The third bit to the 6 110 26 
z : : mn, a S e 11010 
aiat Point has a weight of 2-! and it is said ny Sea It the right i 111 27 11011 
5 E with a weight of 2^? is in the 1/4's column AK the 1/2's column, the next 8 1000 28 11100 
€ decimal value of the binary number is the : aed ^ EE 28 Hann. 
multiplied by the weights of their respective positi sum of the products of all its bits 10 1010 30 11110 
an integer part of (n + 1) bits and a fracti positions. In general, a binary number with dt MO rt 2: TU TNI 
ion part of k bits can be written as 12 1100 32 100000 
cM " 13 1101 33 100001 
4 E95 4224....d, 14 1110 34 100010 
Its decimal equivalent is 15 d 1 1 35 100011 
16 10000 36 100100 
(d, x 2") + (d x 2^-1 A 17 10001 37 100101 
A RS: Jt... + (di x 2') + (dy x 2% 18 10010 38 100110 
A pare) E x27 -.. 19 10011 39 100111 
In general, the decimal equi sive à sures 
equivalent of the number d - An easy way to remember to write a binary sequence of n bits is: 
system with base b is given by ndn—1---dydy.d dy... in any number H 4 À s à ws 
The right most column in the binary number begins with a 0 and alternates between 
(d, x b") + (d m ; 0 and 1. 
E )*( eat - De 3. oe (d x b’) + (d, x b?) The second column begins with 2(= 2!) zeros and alternates between the groups of 
Eae oc B+ (d 0X BF) 24-08 5 0 0 and 1 1. 
i The third column begins with 4(= 2?) zeros and alternates between the groups of 
k binary number system is used in digital computers because the switching circuits 0000and1111. p2-! 
2e P. computers use two-state devices such as transistors, diodes, etc. A transistor The n" column begins with 2"-! zeros and alternates between the groups of 2" zeros 
can be OFF or ON, a switch can be OPEN or CLOSED, a diode can be OFF or ON, etc. and 2"- ' ones. 
These devices have to exist in one of the two possible states. So, these two states can be * x 
represented by the symbols 0 and 1, respectively. Binary To Decimal Conversion 
Counting in Binary Binary numbers may be converted to their decimal equivalents by the positional weights 
method. In this method, each binary digit of the number is multiplied by its position weight and 
Counting in binary is very much similar to decimal counting as shown in Table 2.1. Start the product terms are added to obtain the decimal number. 


counting with 0, the next count is 1. We have now exhausted all symbols; therefore we ; 
put a | in the column to the left and continue to get JO, 11. This 11 is the maximum EXAMPLE 2.5 Convert 10101, to decimal. 
we can count using two bits. So, put a I in the next column to the left and continue Solution 

we can count 100, 101, 110, 111. The largest number we can count using three 
bits is 111. Put a | to the left and continue; we get, 1000, 1001, 1010, 1011, 1100, 1101, 
1110, 1111. The maximum count we can get using four bits is 1111. Continue counting 


(Positional weights) 2* 2? 2? 2! 2° 


(Binary number) 1 0 1 = (1 x 24) + (0x 2) + (1 x2?) + (0 x 2!) + (1 x 2°) 
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EXAMPLE 2.6 Convert 1101 1.101, to decimal 
Solution j 
2* 2? 2? 53! 9° > 15-2553 
ESSERI I 1-1 0 


l= (1 x 25 + (1 x 23) 4 
3 (0 x 25) « (1 x 2! 

+(1 XO Dt (05€2:2) + 0 x 2-3) Ar 

OLET Oi Us m 
0.5 + 

pe 0 + 0.125 
EXAMPLE 2.7 Convert 1001011, to decimal. 
Solution 


) 


An integer binary number can 


z 4 also be converte i : 
Starting with the extreme lef d to an integer decimal number as follows. 


bit, i.e. i is bi 
Poe ador t m t, Le. MSB, multiply this bit by 2 and add the product to 
Multiply the result obtained i i 
in th 
pone a Si e previous step by 2 and add the product to the next bit 
ue this process as shown below till all the bits in the number are exhausted. 
1 0 0 1 
i 0 1 1 
1x2+0=2 
2x2+0=4 
4x2+1=9 
9x2+0=18 
18562. 1 —.37 
v 


BT aXe 2p cbe. 2.75 
The above steps can be written down as follows: 


‘Copy down the extreme left bit, i.e. MSB = 1 
Multiply by 2, add the next bit (1 x 2)+0=2 
Multiply by 2, add the next bit (2 x 2)+0=4 
Multiply by 2, add the next bit (4x 2)+1=9 
Multiply by 2, add the next bit (9 x 2) + 0= 18 
Multiply by 2, add the next bit (18 x 2) + 1 = 37 
Multiply by 2, add the next bit (37 x 2) + 1 = 75 
The result is, POO Ot, = io 
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Decimal to Binary Conversion 


There are two methods to convert a decimal number to a binary number. These are the 
reverse processes of the two methods used to convert a binary number to a decimal 
number. 


First method. In this method, which is normally used only for small numbers, the values 
of various powers of 2 need to be remembered. For conversion of large numbers, we 
should have a table of powers of 2. In this method, known as the sum-of-weights method, 
the set of binary weight values whose sum is equal to the decimal number is determined. 
To convert a given decimal integer number to binary, first obtain the largest decimal number 
which is a power of 2 not exceeding the given decimal number and record it. Subtract this 
number from the given number and obtain the remainder. Once again obtain the largest 
decimal number which is a power of 2 not exceeding this remainder and record it. Subtract 
this number from the remainder to obtain the next remainder. Repeat the above process on 
the successive remainders till you get a 0 remainder. The sum of these powers of 2 
expressed in binary is the binary equivalent of the original decimal number. In a similar 
manner, this sum-of-weights method can also be applied to convert decimal fractions to 
binary. To convert a decimal mixed number to binary, convert the integer and fraction parts 
separately into binary. In general, the sum-of-weights method can be used to convert a 
decimal number to a number in any other base system. 


Second method. In this method, the decimal integer number is converted to binary integer 
number by successive division by 2, and the decimal fraction is converted to binary fraction 
by successive multiplication by 2. This is also known as double-dabble method. In the 
successive division-by-2 method, the given decimal integer number is successively divided 
by 2 till the quotient is zero. The last remainder is the MSB. The remainders read from 
bottom to top give the equivalent binary integer number. In the successive multiplication- 
by-2 method, the given decimal fraction and the subsequent decimal fractions are 
successively multiplied by 2, till the fraction part of the product is 0 or tll the desired 
accuracy is obtained. The first integer obtained is the MSB. Thus, the integers read from 
top to bottom give the equivalent binary fraction. To convert a mixed number to binary, 
convert the integer and fraction parts separately to binary and then combine them. 

In general, these methods can be used for converting a decimal number to an equivalent 
number in any other base system by just replacing 2 by the base 5 of that number system. That 
is, any decimal number can be converted to an equivalent number in any other base system by 
the sum-of-weights method, or by the double-dabble method—repeated division-by-b for 
integers and repeated multiplication-by-b for fractions. 


EXAMPLE 2.8 Convert 163.875; to binary. 


Solution 


The given decimal number is a mixed number. We, therefore, convert its integer and fraction 


parts separately. 


The integer part is 1639. 
The largest number, which is a power of 2, not exceeding 163 is 128. 
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128 = 27 = 10000000, 
The remainder is 163 — 128 = 35 : 


The largest number, which a power of 2, not exceeding 35 is 32. 


32 = 2° = 100000, 
The remainder is 35 -32 =3 


The largest number, which a power of 2, not exceeding 3 is 2, 


The remainder is 


— Wry 


1, 

Therefore, 163,4 = 10000000, + 100000, + 10, + 1, = 10100011, 

The fraction part is 0.875) 

The largest fraction, which is a power of 2, not exceeding 0.875 is 0.5. 


0.5 = 2! = 0.100, 
The remainder is 0.875 — 0.5 = 0.375 


The largest fraction, which is a power of 2, not exceeding 0.375 is 0.25. 


0.25'= 2? = 0.01; 
The remainder is 0.375 — 0.25 = 0.125 


The largest fraction, which a power of 2, not exceeding 0.125 is 0.125 itself. 


0.125 = 2? = 0.001, 
Therefore, 0.87519 = 0.100, + 0.01, + 0.001, = 0.111, 
The final result is, 163.875, = 10100011.111,. 
EXAMPLE 2.9 Convert 52, to binary using the double-dabble method. 
Solution 
We divide the given decimal number successively by 2 and read the remainders upwards 
to get the equivalent binary number. 


Successive division Remainder 

2|52 
2 |26 0 
2 |13 0 
2L.6 1 
24-3 To 
A m 

0 i 


Reading the remainders from bottom to top, the result is 52, = 110100;. 
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EXAMPLE 2.10 Convert 0.75,, to binary using the double-dabble method. 
Solution 


Multiply the given fraction by 2. Keep the integer in the product as it is and multiply the 
new fraction in the product by 2. Continue this process and read the integers in the products 
from top to bottom. 


Given fraction 0.75 
Multiply 0.75 by 2 | 1.50 
Multiply 0.50 by 2 4 1.00 


Reading the integers from top to bottom, 0.75,) = 0.11). 


EXAMPLE 2.11 Convert 105.15) to binary. 


Solution 


Conversion of integer 105. 


Successive division Remainder 
2 |105 
221252 1 
2 | 26 0 
2 13 0 
2 6 1 
2 3 T 0 
2 mi |a 
0 |a 
Reading the remainders from bottom to top, 105, = 1101001). 
Conversion of fraction 0.15, 
Given fraction 0.15 
Multiply 0.15 by 2 | ea 
Multiply 0.30 by 2 | Ae 
Multiply 0.60 by 2 A 
Multiply 0.20 by 2 pa 
Multiply 0.40 by 2 i 
2 1.60 


Multiply 0.80 by A 
This particular fraction can never be expressed exactly in binary. This process may be 


lerminated after a few steps. E 1 
Reading the integers from top to bottom, 0.15;9 = 0.001001). 


Therefore, the final result is, 105.15, = 1101001.001001;. 
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Binary Addition 


The rules for binary addition are the following: 
0+0=0; O+1=1; 1+0=1 


EXAMPLE 2.12 Add the binary numbers 1010 and 111. 
Solution 
168421 (Column numbers) 
1010 
+ 111 
10001 


In the 1’s column 0*121 

In the 2's column 1 + 1 = 0, with a carry of 1 to the 4's column 
In the 4's column 0 +1 + 1 0, with a carry of 1 to the 8's column 
In the 8’s column 1+1=0, witha carry of 1 to the 16's column. 


[i 


EXAMPLE 2.13 Add the binary numbers 1101.101 and 111.011. 
Solution 


R4 7953 1 27! 2-? 2-3 (Column numbers) 
II Jd 1E 0-1 
* EE - 0. ] 1 
Ee ee 
MUS 0 0 0 
In the 2°"s column 1 + 1 = 0, with a carry of 1 to the 27? column 
In the 27's column 0 * 1-* 1 7 0, with a carry of 1 to the 2^! column 
la the 2 s column 1 * 0 * 1 = 0, with a carry of 1 to the 1’s column 
In the 1's column 1+ 1+ 1 = 1, with a carry of 1 to the 2’s column 
In the 2's column 0+1+1=0, with a carry of | to the 4's column 
In the 4’s column 1+ 1+ 1 = 1, with a carry of 1 to the 8's column 
In the 8's column 1+1=0, with a carry of 1 to the 16's column. 


The binary subtraction is performed in a manner similar to that in decimal subtraction. The 


rules for binary subtraction are: 
0-0=0; 1-1=0; 1-0=1; 0- 1 = 1, with a borrow of 1. 
EXAMPLE 2.14 Subtract 10, from 1000,. 


Solution 
In the I’s column 0-0=0. 


: 1 + 17 10, ie. 0 with a cary of 1. 
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In the 2’s column, a 1 cannot be subtracted from a 0; so, a 1 must be borrowed from 
the 4’s column. But the 4’s column also has a 0; so, a 1 must be borrowed from the 
8's column, making the 8's column 0. The 1 borrowed from the 8's column becomes 
10 in the 4's column. Keep one 1 in the 4's column and bring the remaining 1 to the 


2's column. This becomes 10 in the 2's column, so, 10 — 1 = 1 in the 2’s column. 
Therefore, 
In the 4's column | 8 4 2 1 (Column numbers) 
In the 8’s column 0-0=0 10-0 S: 

E 1.0 
Hence, the result is 0110,. 0 1=1"0 


EXAMPLE 2.15 Subtract 111.111, from 1010.01,. 


Solution 
"1 2-5 2244275 (Column numbers) 
120.0 10 . 0 1 0 
i tol. 1 1 1 
0901 0 0 1 1 


In the 27? column, a 1 cannot be subtracted from a 0. So, burrow a 1 from the 2^? column 
making the 2^? column 0. The 1 borrowed from the 2^? column becomes 10 in the 2? 
column. Therefore, in the 2» column, 10 — 1 = 1. 

In the 2? column, a 1 cannot be subtracted from a 0. So, borrow a 1 from the 2^! 
column, but it is also a 0. So, borrow a 1 from the l's column. That is also a 0, so borrow 
a 1 from the 2's column making the 2's column 0. This 1 borrowed from the 2's column 
becomes 10 in the 1’s column. Keep one | in the 1’s column, bring the other | to the 2-1 
column, which becomes 10 in this column. Keep one 1 in the 2^! column and bring the 
other 1 to the 27? column, which becomes 10 in this column. Therefore, 


In the 27?s column 10- 1-1 

In the 27"s column 1-1-0 

In the 1’s column 1-170 

Now, in the 2's column, a | cannot be subtracted from a 0; so, borrow a 1 from the 
4's column. But the 4's column has a 0. So, borrow a 1 from the 8's column, making 
the 8’s column 0, and bring it to the 4's column. It becomes 10 in the 4 E column. Keep 
one 1 in the 4's column and bring the second 1 to the 2's column making it 10 in the 


2's column. Therefore, 


In the 2's column 10-1-7 
In the 4's column pe 
In the 8's column 0-0-0 


11.01.2010 14:23 


| 
D 
a 


Hence, the result is 0010.011;. 
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Binary Multiplication 


There are two methods of bin iplicati 
ary multiplication—th: 
method. Both the methods obey the following i Tone ea iodandath 


multiplication rules: ©. computer 


0x0=0; I1x1l=1; 1x0=0; 0x1-20 


EXAMPLE 216 Multiply 1101, by 110,. 
Solution 


1101 
xu LSB of the multiplier is a 0. So, the first partial product is M By 
a0. The next two bits of the multiplier are 1s. So, the next two Te I 
partial products are equal to the multiplicand itself. The sum of eo 
the partial products Bives the answer. Eb 


EXAMPLE 2.17 Multiply 1011.101, by 101.01,. 


Solution 
T3909 PaO Ging 
yom ACU WAPOA ae as OB: 
a E ONO" 
TEOSTOT 10 T 
0000000 
Onl at 10. 1 
0000000 
IEDEDOI ETE 
IL EMPORIUM 
Peele I0 707 070^ 1 


Computer Method of Multiplication 


2 computer can add only two numbers at a time with a carry. So, 
used by the digital computer. Besides, the computer has onl 
positions available. A p-bit number multiplied by another p-bit 


the paper method cannot 
ly a fixed number of bit 


ed arcs ih number yields a 2p-bit 
EA To multiply a p-bit number by another p-bit number, a p-bit multiplicand register 
2p-bit register are required. The multiplier is placed in the left p-bits 


Poo risers gcn (MQ) register and the right p-bits are 
to as a dual register, which holds the multiplier and the i 

m E > : partial (then final) 
results. The multiplicand is placed in the M register. The MQ register is then shifted one 
bit to the left. If a 1 is shifted out, M is added to the MQ register. If a 0 is shifted out, 
a 0 is added to the MQ register. The entire process is repeated p (the number of bits in 
the multiplier) times. The result appears in the MQ register. 


set to zero. This permits the 
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EXAMPLE 2.18 Multiply 1100, by 1001, using the computer method. 
Solution 


The computer method of multiplication is performed as shown below. 


MQ register 10010000 
Shift MQ left 100100000 (AI is shifted out. So, add M to MQ) 
Add M 112020 
ee tiU D- 
Partial sum in MQ 0:0 1 0 Lar 10/70 
Shift MQ left 001011000 (A0 is shifted out. So, add 0 to MQ) 
Add 0 0000 
Partial sum in MQ 01011000 
Shift MQ left 010110000 (A 0 is shifted out. So, add 0 to MQ) 
Add 0 0000 
Partial sum in MQ AO} 1. 191010) (0)10 
Shift MQ left 101100000 (A1 is shifted out. So, add M to MQ) 
Add M 1100 
Final sum in MQ 01101100 
Binary Division 


Like multiplication, division too can be performed by two methods—the paper method and 
the computer method. In the paper method, long-division procedures similar to those in 
decimal are used. 


EXAMPLE 2.19 Divide 101101, by 110). 
Solution 


Divisor 110 cannot go in 101. So, consider the first 4 bits 1011 of the dividend. 110 can 
go in 1011, one time with a remainder of 101. Next, 110 can go in 1010, one time with 
a remainder of 100. Next, 110 can go in 1001, one time with a remainder of 11. Finally, 
110 can go in 110 with a remainder of 0. 


Hiro AIO! AOU (Ae 1 

110 

1010 

110 

1001 

110 
CUm? 
110 
000 


Therefore, 101101 110 — 111.1 
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EXAMPLE 2.20 Divide 110101.1 15 by 101. 
Solution 


Therefore, 110101.11 + 101 = 1010.11 


Computer Method of Division 


The computer method of division involves successive subtraction. Suppose we divide an 
eight-bit. dividend by a four-bit divisor; the quotient will be formed in the right-half of the 
MQ register and the remainder in the left-half. The dividend is first placed in the MQ 


- The divisor is then subtracted from the dividend. 
orrow is required, and positive if no borrow is 


The MQ register is next 
It is stored in a carry flag, a single flip-flop, 
shift. If the result of subtraction is positive, 
the quotient is accumulated; if it is negative, the divisor is added to the MQ, and MQ is shifted 
left one bit. This effectivel ient. 
until the MQ register has been shifted left four bits (the number of bits 


in the D register). 
The remainder is then in i 


the left-half of the MQ register and the quotient in the right-half. 


EXAMPLE 2.21 Divide 32 by 5 in binary using the computer method. 
Solution 


Dividend = 32 = 100000 = 00100000 
Divisor = 5 = 101 = 0101 


Computer division 

ee ————ÉÉEEEENMMN 
MQ 0010 0000 
Subtract D 0101 
MQ 1101 0 0 0 O0 (Borrow is required; the result is negative; 


division is valid) 


Contd. 
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Contd. 


Add D 0101 


MQ 0010 000 0 (Original number) 
Shift MQ let 00100 0000 

Subtract D 0.17071 

MQ I du 0 0 0 O (Result is negative) 
Add D 0101 

MQ 0:100 0000 

Shit MQ let 01000 0000 

Subtract D 0101 

MQ 0011 0 0 0 0 (Result is positive) 
Add 1 1 

MQ 080 Meare 070" Oi 

Shift MQ let 00110 001 0 

Subtract D ON 1 

MQ 0001 0 0 1 O (Result is positive) 
Add 1 acci sic 1N 

MQ (0 CY CUR vtl cs CoA T 

Shit MQled 00010 0110 

Subtract D OL OU 

MQ 1101 0 1 1 O (Result is negative) 
Add D 0101 

MQ 0010 01 1 O (Final answer) 


Result: Remainder = 0010 Quotient - 0 1 1 0 


2.5 REPRESENTATION OF SIGNED NUMBERS AND BINARY 
ARITHMETIC IN COMPUTERS 


So far, we have considered only positive numbers. The representation ipe i i 
is also equally important. There are two ways of vin mat ey oto: 
magnitude form and complement form. There are two complement forms: 
form and 2's complement form. 
Most digital computers do subtra 
by the l's complement method. The 
complement method is reduction in the hardware 
for addition and subtraction, only adding circu! 
performed by adders only. Instead of subtra 


i inuend. 
PUN. fe an hs BR eu called the sign bit is placed in front of the 
In sign-magnitude form, an addi 


ber. If the sign bit is a 0, the number is positive. If it is a 1, the number is negative. 
number. e h 
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ction by the 2's complement method, but some do it 
advantage of performing subtraction by the 
rdware. Instead of having separate digital circuits 
ts are needed. That is, subtraction is also 
cting one number from the other, the 
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oft fo TrTofoTr]- +41 


Sign bit Magnitude 


[tf ToT Joo] = à 


Sign bit Magnitude 

Under the signed-magnitude s 

Positive number to a negative nu 
is possible, it is impractical. 


ystem, a great deal of m 


anipulation is necessai to ad 
mber. Thus, though the 5 E 


signed-magnitude number system 


Representation of Signed Numbers Usin the 2's (or 1’s) 
= g Complement 


The 2's (or 1’s) complement system for representing signed numbers works like this: 
l. If the number is Positive, the magnitude is represented in its true binary form and 
a sign bit 0 is placed in front of the MSB. 
2. If the number is negative, the magnitude is Tepresented in its 2's (or I's) 
complement form and a sign bit 1 is placed in front of the MSB. 


sign 2's (or I's) complement form, determine the 
de of the number and then attach the sign bit. 
ration on a signed number will change a positive 
ve number and vice versa. The conversion of complement to true binary 
process used to convert true binary to complement. The representation 
— 51 in both 2's and 1’s complement forms is shown below: 


"TX [e| 1] 1T o [o[1]1] * 51 (In sign magnitude form) 


2 " a In 2’s complement form) 
Sign bit Magnitud ( 
k (In 1’s complement form) 
Y 


ESESERKIEREREN — 51 (In sign magnitude form) 


ot. Sign bit Magnitude 


o OIE — 51 (In 2's complement form) 


Magnitude 


2's (or l's) complement of the magnitu 

The 2's (or I's) complement ope! 
number to a negati 
is the same as the 
of + 51 and 


4 


— 51 (In 1’s complement form) 


Mi 22 Each of ü i i i i rmine the 
EXAMPLE 222 Each follo numbers is a signed binary number. Dete: 
decimal keen Um cum y n (i) sign magnitude form, (ii) 2's complement form, 
d 5 pe d) 1101010 
01101 (b) 010111 (c) 10111 (d) 
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Solution 
Given number Sign magnitude form 2's complement form 1's complement form 
01101 * I3 * 13 +13 
OOIT NUUS + 23 + 23 
1«0*171-T -7 -9 ET 
y ie daaa eA 00 -42 -2 — 21 


To subtract using the 2's (or 1’s) complement method, represent both the subtrahend 
and the minuend by the same number of bits. Take the 2's (or 1’s) complement of the 


subtrahend including the sign bit. Keep the minuend in its original form and add the 2’s 
(or 1’s) complement of the subtrahend to it. 


The choice of 0 for positive sign, and 1 for negative sign is not arbitrary. In fact, this 
choice makes it possible to add the sign bits in binary addition just as other bits are added. 
When the sign bit is a 0, the remaining bits represent magnitude, and when the sign bit is 
a 1, the remaining bits represent 2’s or 1’s complement of the number. The polarity of the 
signed number can be changed simply by performing the complement on the complete 
number. 


Special case in 2’s complement representation. Whenever a signed Wüniber has a 1 in the 
sign bit and all Os for the magnitude bits, the decimal equivalent is — 2”, where n is the 
number of bits in the magnitude. For example, 1000 = — 8 and 10000 = — 16. 


Characteristics of the 2’s complement numbers. The 2's complement numbers have the 
following properties: 


l. There is one unique zero. 
2. The 2's complement of 0 is 0. 


3. The left most bit cannot be used to express a quantity. Tt ie sign bit. If it is a 
i 1, the number is negative and if it is a 0, the number is positive. 
, 


more rin itive integers, 
4. For an n-bit word which includes the sign bit, there are 2" 1 positive intege: 
; DIEM negative integers and one 0, for a total of 2" unique states. PEE 
itiv el s of the 
5. Significant information is contained in the Is of the positive numbers and 0s 
negative numbers. i meee: 
6. A negative number may be converted into a positive number by finding its 
complement. 


> t of a number can 
Methods of obtaining the 2s complement of a number. The 2's s aii 


be obtained in three ways as given below. l man 
1. By obtaining the 1’s complement of the given number (by changing all Os to Is a 
3 obtain 

ls to Os) and then adding 1. 


2. By subtracting the given n-bit number N from 2". 
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3. Starting at the LSB, copying down 
encountered, and complementing the 


EXAMPLE 2.23 Express — 
Solution 


each bit up to and includi 


ng th i 
remaining bits, B the first) bit 


45 in 8-bit 2's complement form. 
* 45 in 8-bit form is 00101101. 
First method 


Obtain the 1’s complement of 00101101 and then add 1. 
Positive expression of the given number 


x 050! NOVI 1:021 
l's complement of it 11010010 
Add 1 +1 
Thus, the 2’s complement form of — 45 is 11010014 

Second method 

Subtract the given number N from 2” 


Subtract 45= — 0 
a 
Thus, the 2's complement form of — 45 is — | 


Third method 


Qs 10000000 
0 10110 
10 


Copy down the bits starting from LSB up to and including the first 1, and then complement 
the remaining bits. 
Original number 00101101 


Copy up to the first 1 bit 1 


the remaining bits 1101001 
a dui ied 
Thus, the 2's complement form of — 45 is 494 NO 79:09iqo3 


EXAMPLE 2.24 Express — 73.75 in 12-bit 2's complement form. 


Solution 

+ 73.75 = N = 01001001.1100 

_ Positive expression of the given number eee dlegl^1.0 ? 
M i ICO T T O lw 7 
L4: i 
‘Thus, the 2's complement of — 73.75 is 10110110.0100 

Second method 

Das si er e 2 = o O i aa 

w TOMI OFT 0^0 ee T1 

Subtract 73.75 
Thus, the 2's complement of — 73.75 is y grim Pre go “0 0 
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Third method 
igi 1100 
Original number à 01001001. 
Copy up to the first 1 bit 100 
Complement the remaining bits 1.9. 1,5.08 210.4. F0. 
Thus, — 73.75 in 2's complement form is 10110110.0100 


Two's Complement Arithmetic 


3 mplement system is used to represent negative numbers using modulus 
E werd (et of a computer is fixed. That means, if a 4-bit number is seri 
to another 4-bit number, the result will be only of 4 bits. Carry, if any, from the Birit i 
will overflow. This is called the modulus arithmetic. For example: 1100 + 1111 = 1 E 

In the 2's complement subtraction, add the 2's complement of the subtrahend s e 
minuend. If there is a carry out, ignore it. Look at the sign bit, i.e. MSB of moen 
If the MSB is a 0, the result is positive and is in true binary form. If ite ian 
(whether there is a carry or no carry at all) the result is negative and is in its 2's comp 
form. Take its 2’s complement to find its magnitude in binary. 


EXAMPLE 2.25 Subtract 14 from 46 using the 8-bit 2’s complement arithmetic. 


Solution 
B 00001110 
: im - 1 11100 1 0 (In 2s complement form) 
0101110 
$e = + i 111001 0 (2s complement form of — 14) 
ap 000100000 (Ignore the carry) 


There is a carry, ignore it. The MSB is 0; so, the result is positive and is in normal binary 
ere is a 2 1 o, 
form. Therefore, the result is + 00100000 = + 32 


EXAMPLE 2.26 Add — 75 to + 26 using the 8-bit 2’s complement arithmetic. 
Solution ¥ 
10 
is a i 7 i i 0 10 1 (In 2's complement form) 
1.5 is = 
1010 
ee A 1 i i i 0 1 0 1 (s complement form of — 75) 
= = 
= 11001111 (No cary) 


i tive and is in 2's complement 
f is a 1. So, the result is nega! = 49. Therefore, 
fe pe d ERE rede of 11001111, that is, 00110001 

orm. The magni 

the result is — 49. 


i -bit 2's complement arithmetic. 
jn = 87.5 using the 12-bit 
EXAMPLE 2.27 Add - 45.75 to + 


11.01.2010 14:23 


—oe 
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Solution 

+8 7°55 D Or Oar. 10070 

et et 051. 0/0. 1.0. 0. 0 0 ( 45.75 in 2's complement form) 
+41 475 @®00101 001.1 1 0 O (Ignore the carry) 


There is a carry, ignore it. The MSB is 0; so, the result is positive and is in normal binary 
form. Therefore, the result is + 41.75 


EXAMPLE 2.28 Add 27.125 to — 79.625 using the 12-bit 2’s complement arithmetic, 


Solution 
000 011. 0 
101 000.0 


- oO 


hu 10 
10 10 (- 79.625 in 2's 
complement form) 


-502:.-500:0 11001011.1000 (No carry) 


There is no carry, indicating that the result is negative and is in its 2's complement form. 
The 2's complement of 11001011.1000 is 00110100.1000. Therefore, the result is — 52.5. 


EXAMPLE 2.29 Add — 31.5 to — 93.125 using the 12-bit 2's complement arithmetic. 
Solution 


-93.125 10100010.1 1 1 0 (- 93.125 in 2's complement form) 
Sls => +11100000.1 000 (- 31.5 in 2’s complement form) 
-124.625 91000001 1.01 1 0 (Ignore the carry) 


There is a carry, ignore it. The MSB is a 1; so, the result is negative and is in its 2's 


complement form. The 2's complement of 1000 0011.0110 is 0111 1100.1010. Therefore, 
the result is — 124.625. 


EXAMPLE 2.30 Add 47.25 to 55.75 using the 2's complement method. 
Solution 


*7.25 OGO ALOE bd Arizu OEI +040 
8575 EXEESEEOSOTE 170 111 . 1100 
103.00 01100111.0000 (No carry) 


There is no carry, and the MSB is 0. Therefore, the result is positive and is in its true binary 
form. Hence, it is equal to + 103.0. 


EXAMPLE 2.31 Add + 40.75 to — 40.75 using the 12-bit 2's complement arithmetic. 
Solution 


+40.75 00101000.1100 
Et. TiS 99H (191 20 iO) D yo). 10. 0 0 (- 40.75 in 2's complement form) 
0.0000 


1 
1 
0 (Ignore the carry) 


00.00 00000000 
There is a carry, ignore it, The result is 0. 
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one’s Complement Arithmetic 


The 1’s complement of a number is obtained by simply complementing each bit of the 
number, that is, by changing all the Os to 1s and all the 1s to 0s. We can also say that the 
1’s complement of a number is obtained by subtracting each bit of the number from 1. This 
complemented value represents the negative of the original number. This system is very easy 
to implement in hardware by simply feeding all bits through inverters. One of the difficulties 
of using 1’s complement is its representation of zero. Both 00000000 and its 1’s 
complement 11111111 represent zero. The 00000000 is called positive zero and the 11111111 
is called negative zero. 


EXAMPLE 2.32 Represent — 99 and — 77.25 in 8-bit l's complement form. 
Solution 


We first write the positive representation of the given number in binary form and then 
complement each of its bits to represent the negative of the number. 


(a) +99=01100011 
-99=10011100 (In 1’s complement form) 
(b) +77.25=01001101.0100 
Savages 10) 1.0010.101 7 (In 1’s complement form) 


In 1’s complement subtraction, add the l's complement of the DUE ai 
minuend. If there is a carry out, bring the carry around and add it to the Tot E T 
the end around carry. Look at the sign bit (MSB); if this is a 0, the result is rd pi 
is in true binary. If the MSB is a 1 (whether there is a carry or no carry at à ge 
is negative and is in its 1’s complement form. Take its 1’s complement to get the mag 
in binary. 


EXAMPLE 2.33 Subtract 14 from 25 using the 8-bit I's complement arithmetic. 


Solution 
011001 i 
iva > ae T 110001 (In 1’s complement form) 
d £11110001 
10 
be | "d d tl (Add the end around carry) 
00001011 =+ Ili 


it I's c d. 
EXAMPLE 2.34 Add — 25 to + 14 using the 8-bit 1’s complement metho 


Solution 
i a a + 1 à ^ j : a (In !'s complement form) 
po à 
ALEN P7110 100 (No cary) 


Emm. | 
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There is no carry and the MSB is a 1. So, the result is ne, 
form. The 1’s complement of 11110100 is 00001011. 


gative and is in its ]'s 
The result is, therefore 


EXAMPLE 2.35 Add - 25 to — 14 using the 8-bit 1’s complement method, 


complement 
y. 


Solution 
-25 katda OO ak 140 (In 1’s complement form) 
—d 4he5 => PL el 140. 00 1 (In 1°’s complement form) 
E E HM mig 
-39 Q9 150590, (bo 1i d0q 
S np il 


(Add the end around carry) 
pU 
Ld SOE) 70.050 


The MSB is a 1. So, the result is ne; 


gative and is in its 1’s complem 
complement of 11011000 is 00100111 


ent form. The |’s 
- Therefore, the resuit is — 39. 


EXAMPLE 2.36 Add + 25 to + 14 using the 8-bit 1’s complement arithmetic. 


Solution 
+ 235 00011001 
*14 > *00001110 
"3.9 POT 0:0) T I4 


There is no carry. The MSB is a 0. So, the result is positive and is in pure binary. Therefore, 
the result is, 00100111 = + 39. 


EXAMPLE 2.37 Add + 25 to — 25 using the 8-bit 1’s complement method. 


Solution 
32.5 00011001 
—25 = EI 30:0. 1 1.0 (In 1’s complement form) 
00 DELI T] 


There is no carry. The MSB is a 1. So, the result is ne 


gative and is in its 1’s complement 
form. The 1’s complement of 11111111 is 00000000. 


Therefore, the result is — 0 


EXAMPLE 2.38 Subtract 27.50 from 68.75 using the 12 bit 1's complement arithmetic. 
Solution 


The. 7 5 017070 0 1 0 0 $ Pai Wo 
EINEN ct Ay 10. 0.10.0...0 1.1 | (In 1’s complement form) 
*up1.25 000101001 0011 
9 + 1 (Add the end around carry) 
02071. 0- 1 0-0. 10 .10! 1100 


The MSB is a 0. So, the result is positive and is in its normal binary form. Therefore, the 
result is + 41.25. 
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EXAMPLE 2.39 Add — 89.75 to + 4325 using the 12-bit ]'s complement method. 
Solution 


+43.25 90101011 .0100 
Seen ye HCOEDIOMO: 1 10.10 0511 (In 1’s complement form) 
ZA Gn 11010001.0111 


There is no carry. The MSB is a 1. So, the result is negative and is in its l's complement 
form. The 1’s complement of 11010001.0111 is 00101110.1000. Therefore, the result is 
— 46.50. 


Double Precision Numbers 


For any computer the word length is fixed. In a 16-bit computer, that is, in a computer with 
16-bit word length, only numbers from + 2^^' — 1 (+ 32,767) toj= 2 (= 32,768) 2 
be expressed in each register. If numbers greater than this are to be expressed, two E 
locations need to be used, that is, each such number has to be stored in two aca i 
is called double precision. Leaving the MSB which is the sign bit, this allows fz 
K ber length with two 16-bit registers. If still larger numbers are to be expressed, three 
pena, are used to store each number. This is called triple precision. 


Floating Point Numbers 


In the decimal system, very large and very small numbers are expressed in nde ud 
i Iber (mantissa) and an exponent of 10. Examples are 6.53 > hend 

E ee". Bina: mbers can also be expressed in the same notation by stating st 

sid Vidit ura However, the format for a computer may be as shown below. 

an ; 


i: ent 
Mantissa expos 
0110000000 100101 


i tissa and a 6-bit 
i ists of two parts, a 10-bit man à 
i i 16-bit word consists o minm tah 
In this machineadte 1 is in 2’s complement form. So, the WC ake pon Beds 
pipi. "bin int is assumed to be to the right of this sig vea ie E 
Lal E 0 through 63. However, to inl nega 
: i ent. 
| 100000. ) has been added to the desired mon E ordi TE 
ori aa Bae nent of the number, therefore, is equa E users c ea 
pimus 33^ Thi d in floating : Í 
i 3i aA ET i i er shown above is 
M: 32 no i T dd n toe definitions, the floating-point number 
excess-32 notation. 
000 
The mantissa portion 40.1100 
The exponent portion ^ 
The actual exponent 
The entire number 


100 -000101 
100000 
100 2 


= 11000, = 24 
N = + 0.1100, x 2° = 11000; * 24o 


bers, each computer having its aie 
ian exponent; others use one and ha 


00 
01 
EHE 


Wow ww 


3 in 
There are many formats of floating poi 
Some vse two words for the mantissa, 


and one for the 


—* 
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words for the mantissa, and a half word for the exponent. On Some machines the 
Programmer can select from several formats, depending on the accuracy desired. Some use 
excess-m notation for the exponent, some use 2's complement, some even use Sign- 
magnitude for both the mantissa and the exponent. 


2.4 THE OCTAL NUMBER SYSTEM 


The octal number system was extensively used by early minicomputers. It is also a positional 
weighted system. Its base or radix is 8. It has 8 independent symbols 0, 1, 2, 3, 4 5, 6, and 
7. Since its base 8 = 23, every 3-bit group of binary can be Tepresented by an octal digit. An 
octal number is, thus, 1/3rd the length of the Corresponding binary number, 


represent (a) the actual numerical data, (b) the numbers corresponding to a location 
(address) in memory, (c) an instruction code, (d) a code expressing alphabetic and other 
non-numerical characters, or (e) a group of bits representing the status of devices internal 
or external to the computer. 

When dealing with large binary numbers of many bits, it is convenient and more 
efficient for us to write the numbers in octal rather than binary. However, the digital circuits 
and systems work strictly in binary; we use octal only for the convenience of the operators 
of the system. Table 2.2 shows octal counting. 


Table 2.2 Octal counting 
Decimal Octal Decimal Octal Decimal Octal Decimal Octal 


number number number number number number number number 
0 0 10 12 20 24 30 36 


: M bh Js 21 25 31 37 

A E: = n 22 26 32 40 

: 3 ke 15 23 27 33 41 

e " $4 16 24 30 34 42 

5 5 16 17 25 31 35 43 

5 B as, 20 4 26 32 36 44 

7 7 17 21 27 33 37 45 

8 10 18 22 28 34 38 A 

= a 19 23 29 35 39 47 
EE 3». (6200; 29 — 351. 39.77 07 


Octal to Binary Conversion 
To convert a given octal number to a binary, just replace each octal digit by its 3-bit binary 


equivalent. 
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EXAMPLE 2.40 Convert 367.52, to binary. 


Solution 
Given octal number is SoG han Fat, n5d)3 
Convert each octal digit to binary O11 110 101. 101 010 
The result is 011110111 . 101010, 


Binary to Octal Conversion 


To convert a binary number to an octal number, starting from the binary point make groups 
of 3 bits each, on either side of the binary point, and replace each 3-bit binary group by 
the equivalent octal digit. 


EXAMPLE 2.41 Convert | 10101.101010, to octal. 


Solution 
Groups of three bits are 110 101.101 010 
Convert each group to octal 6 5 5 
The result is 65552 


EXAMPLE 2.42 Convert 10101111001.0111, to octal. 


Solution 


Groups of three bits are 10: 2101 1115-001 ~ 01k a 


= 010 101 111 001. O11 100 
2 5 7 1 3 4 


Convert each group into octal 
The result is 
Octal to Decimal Conversion 


M al er, multiply eac 4 he octal numbe 
n octal number to a decimal number, n ultiply each digit in t 
To convert h 


by the weight of its position and add all the product terms mz noel} PAC AUG 
The decimal value of the octal number d,d,- \d,_2 1do LE 


Rosh a x eye 
3!) + (dx 8°) + (di XS ) + (dz X 8 
(d, X8) * (d, x 8" ') E Fd X8) (do 


EXAMPLE 2.43 Convert 4057.06, to decimal. 


Solution 


4057.06,7 4 x 8 + 0x 8 + 
2048 + 0 + 40 + 7 + 0 + 0.0937 


2095.0937 0 | 


- L2 
5x8 -7x8 -0x8 +6x8 


Decimal to Octal Conversion 


a mixed octal number, c 
To convert a mixed decimal number to à mixed o 
fraction parts separately. 


onvert the integer and 


= 
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To convert the given decimal integer number to octal, Successively divide the given 
number by 8 till the quotient is 0. The last remainder is the M. 
upwards give the equivalent octal integer number. 

To convert the given decimal fraction to octal, successively multiply the decimal 
fraction by § till the product is 0 or till the required accuracy is obtained. The first integer 
from the top is the MSD. The integers to the left of the octal point read downwards give 
the octal fraction. 


SD. The remainders read 


EXAMPLE 2.44 Convert 378.93, to octal. 
Solution 


Conversion of 378,9 to octal 


Successive division Remainders 
8 | 378 
8| 47 TE) 
Sins lios? 
0 P 


Read the remainders from bottom to top. Therefore, 378, = 572, 


Conversion of 0.93, to octal 


093 x 8 | 744 
0.44 x 8 1 $3155 
0.52 x 8 4 416 
0.16 x 8 1.28 


Read the integers to the left of the octal point downwards. 
Therefore, 0.93, = 0.73414. Hence 378.9319 = 572.7341. 


Conversion of large decimal numbers to binary and large binary numbers to decimal can 
be conveniently and quickly performed via octal as shown below. 


EXAMPLE 2.45 Convert 5497,, to binary. 


Solution 

Since the given decimal number is large, we first convert this number to octal and then 

convert the octal number to binary. 

Successive division Remainders 
8 | 5497 

687 T 
| 
| 
| 


8 
8 
8 10 
8 


— NUNN 


0 
Therefore, 5497,, = 12571, = 001010101111001, 
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EXAMPLE 2.46 Convert 10111 1010001, to decimal, 


Solution 


Since the given binary number is lar 
convert the octal number to decimal. 


101111010001; = 5721, 7 5x 8 & 7x 8? «2 gl 1 go 


Be, we first convert this number to octal and then 


= 2560 + 448 + 16 + 1 = 3025,,. 
octal Addition 
The octal addition is performed by the decimal method. EY 


decimal and convert this sum into octal. Record the octal su 
the carry term to the next column. 


dd the digits in each column in 
m term in that column and carry 


EXAMPLE 2.47 Add 327.54, to 665.37,. 


Solution 
8° 8? 8! 8° 8! 8? In the 8 "s column, — 4 7= ll, = 13, (sum 3, carry 1) 
3 2 7.5 424 In the 8 "s colum, 5 +3+1=9,, = 11, (sum 1, cary 1) 
+ 6 6 5.3 7 In the 8”s column, 7+5+1= 13, = 15, (sum 5, carry 1) 
1 2 1 5.1 23 In the 8"s column, 2+6 + 1= 9 = 1l (sum l, carry 1) 
In the 8"s column, 3 + 6+ 1= 10,9 = 12, (sum 2, carry 1) 
Octal Subtraction 


The octal subtraction is similar to decimal subtraction. 


EXAMPLE 2.48 Subtract 16.47, from 20.143. 


Solution 
RU g a 
DEUM Nelli 
Ee T 
ICETEE 


: xi 
d from 4. So, borrow a 1 from the 8 s 


- 3 acter p= De 
In the 8 ^s column, 7 cannot be subtr ls column becomes 8 in the 8 "s 


column leaving a 0 there. A | borrowed from the 8 

column. So, in the 8?'s column 8 + 4 - 7 = 5. 
In the 8 "s column, 4 cannot be subtracted 

column, but the 8"s column has a 0. So, borrow à on 

The 1 borrowed from the 8'’s column becomes 8 in Bs 

1 to the 8s column. This becomes 8 in this column. 


UM 
from 0. So, borrow a 1 from the 8"s 
1 from the 8'’s column leaving a 1 there. 
lumn. Leave 7 there and bring 


So, in the column 8' 8-4 F 4 
in the column 8? fli A A 
in the column 8! Hea hic 


The result is 01.45;. 
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also be accomplished by the T's and 8's complement 


Subtraction of octal numbers can 
The 7's complement of an octal 


methods similar to l's and 2's complement methods. 
number is obtained by subtracting cach digit of the number from 7 and its 8’s complement 


is obtained by adding a ! to its 7’s complement. 
EXAMPLE 2.49 Find the 7's and 8's complement of the following octal numbers. 
(a) 4015 (b) 2057.106 


Solution 


To find the 7's complement of an octal number, subtract each digit of that number from 7. 


(a) TIT 
-4015 
3762 (Ts complement of 4015) 
1 (Add 1) 
3763  (8's complement of 4015) 
| UOI a> APS 1.7 
EOS T- 106 
5720.671 (Ts complement of 2057.106) 
1 (Add 1) 


5720.672 (8 complement of 2057.106) 


EXAMPLE 2.50 Subtract 236.43, from 5427.65, using the 7's complement arithmetic. 


Solution 
5427.65 S oT aS) 
-236.43 > + 7541.34 (7’s complement of 0236.43) 
DETE. 22 9.5 7 1224 
% + | (End around carry) 
Dy r A 
The — , we Tm t 
1 nha we es that the answer is positive and is in octal itself. Hence, the result is 
EXAMPLE 2,51 Subtract 5427.65, from 236.43, using the 8's complement method. 
Solution 
236.43 0236.43 
-5427.65 > +2350.13 (8’s complement of 5427.65) 
— 4723.22 2606.56 (No carry) 


No carry indicates that the result is negative and is in 8's com 
} plement form. The 8’ 
complement of 2606.56; is 5171.22;. Hence, the result is — 5171.22,. vag 


Number Syste 45 
octal Multiplication — 


To perform multiplication i : 
p y p n in octal, multiply the digits in dec 
octal, record the sum term, and carry the carry ecimal, convert the product to 


products. term to the next column. Add all partial 


EXAMPLE 2.52 Multiply 2763.5, by 6,. 


Solution 
MOUS! 515) x16 = 

Er : : : = 3019 = 36, (sum 6, carry 3) 
Roane (6 = 18, = 225. 22, + 3, = 25, (sum 5, carry 2) 
E 6x6- 36,445 44, + 2, = 46, (sum.6, carry 4) 
; x B - fio = 925 52, + 4, = 56, (sum 6, carry 5) 
x 6 = 12i = 143; 14, + 5, = 21, (sum l, carry 2) 

Octal Division 


The octal division is accomplished by the decimal method. 


EXAMPLE 2.53 Divide 4570.32, by 6. 


Solution 
6)4570.32(624.042 
EM 
17 6 cannot go in 4, So, consider 45, 
14 6 can go in 45, (37,9) 6 times with a remainder of 1 
30 6 can go in 175 (15,9) 2 times with a remainder of 3 
30 6 can go in 30, (24,9) 4 times with a remainder of 0 
032 6 can go in 03, (03,9) 0 times with a remainder of 3 so, consider 032 
30 6 can go in 32, (26,9) 4 times with a remainder of 2 
20 6 can go in 20, (16,9) 2 times with a remainder of 4 
.]4 . The quotient is 624.042, and the remainder is 45. 
4 


2.5 THE HEXADECIMAL NUMBER SYSTEM 

bers are fine for machines but are too lengthy to be 
resent the binary numbers concisely. 
the hexadecimal number system (or 


Binary numbers are long. These num 
handled by human beings. So, there is a need to rep 
One number system developed with this objective is md 
Hex). Although it is somewhat more difficult to interpret than the octal eoa E 
has become the most popular means of direct data entry and retrieval in digits ns od 
hexadecimal number system is à positional-weighted system. The base or SUR o è is 
number system is 16, that means, it has 16 independent symbols. The Sygo used are % 
1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C D, E, and F. Since its base is 16 = 2 , every 4 binary 
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digit combination can be represented by one hexadecimal digit. So, a hexadecimal number 
is 1/4th the length of the corresponding binary number, yet it provides the same information 
as the binary number. A 4-bit group is called a nibble. Since computer words come in 
8 bits, 16 bits, 32 bits and so on, that is, multiples of 4 bits, they can be easily represented 
in hexadecimal. The hexadecimal system is particularly useful for human communications 
with computers. By far, this is the most commonly used number system in computer 


literature. It is used both in large and small computers. 


Hexadecimal Counting Sequence 
0 1 3 E 5 6 7 8 9 t B Cow E F 


s 
POR 154110 lGa 18 19: A «OB. (163 1D: ele q-JF 
FÜ Fi F2 F3 F4 F5 F6 F7 F8 F9 FA FB FC FD FE FF 
100 101 102 103 104 105 106 107 108 109 10A 10B 10C 10D. 10E 10F 
IFO IF] 1F2 1F3 IF4 IFS IF6 IF7 1F8 1F9 IFA IFB IFC IFD IFE IFF 
Binary to Hexadecimal Conversion 


To convert a binary number to a hexadecimal number, starting from the binary point, make 
groups of 4 bits each, on either side of the binary point and replace each 4-bit group by 
the equivalent hexadecimal digit as shown in Table 2.3. 


Table 2.3 Binary to hexadecimal conversion 


Hexadecimal Binary Hexadecimal Binary 
0 0000 8 1000 
1 0001 9 1001 
2 0010 A 1010 
3 0011 B 1011 
4 0100 Cc 1100 
5 0101 D 1101 
6 0110 E 404 1.0 
7 0111 F 1111 


EXAMPLE 2.54 Convert 1011011011; to hexadecimal. 


Solution 

Make groups of 4 bits, and replace each 4-bit group by a hex digit. 
Given binary number is 1011011011 

Groups of four bits are 0010 1101 1011 
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Convert each group to hex 2 D 


The result is 2DB Š 
16 

EXAMPLE 2.55 Convert 01011111011.01 1111, to hexadecimal 
Solution 
Given binary number is 01011111011.011111 
Groups of four bits are 0010 1111 1011.0111 1100 
Convert each group to hex 2 F B ne c 
The result is 2FB 76, 

£ 16 


Hexadecimal to Binary 


To convert a hexadecimal number to binary, replace each hex digit by its 4-bit binary group. 


EXAMPLE 2.56 Convert 4BAC,, to binary. 


Solution 

Given hex number is 4 B A C 
Convert each hex digit to 4-bit binary 0100 1011 1010 1100 
The result is 0100101110101100, 


EXAMPLE 2.57 Convert 3A9E.BOD,, to binary. 


Solution 

Given hex number is 3 A 9 E.B 0 D 
Convert each hex digit to 4-bit binary 0011 1010 1001 1110. 1011 0000 1101 
The result is 0011101010011110.101100001101; 


Hexadecimal to Decimal 
To convert a hexadecimal number to decimal, multiply each digit in the hex number by its 
position weight and add all those product terms. 

If the hex number is d,d, , . - - dido. d.d 2 «dae ils decimal equivalent is 
(d, x 16") + (d, , x 16" Weyl (di X 16') + (dj x 16°) + (d, x 16 ) + 


(d, x16?) + 

EXAMPLE 2.58 Convert 5C7,, to decimal. 

Solution 

Multiply each digit of 5C7 by its position weight and add the product terms. 
5C7, = (5 x 18) + (12 x 16) + € x 16°) 

1280 + 192 +7 

14795 


LU 


pm 
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EXAMPLE 2.59 Convert AOF9.0EB), to decimal. 
Solution 


AOFS.0EB,, = (10 x 16°) + (0 x 16%) + (15 x 16!) + (9 x 16%) + (0 x 167) + (14 x 16 2 
* (11 x 163) 
= 40960 + 0 + 240 + 9 + 0 + 0.0546 + 0.0026 
= 41209.0572,, 


Decimal To Hexadecimal 


To convert a decimal integer number to hexadecimal, successively divide the given decimal 
number by 16 till the quotient is zero. The last remainder is the MSB. The remainders read 
from bottom to top give the equivalent hexadecimal integer. 

To convert a decimal fraction to hexadecimal, successively multiply the given decimal 
fraction by 16, till the product is zero or till the required accuracy is obtained, and collect 
all the integers to the left of decimal point. The first integer is the MSB and the integers 


read from top to bottom give the hexadecimal fraction. This is known as the hex dabble 
method. 


EXAMPLE 2.60 Convert 2598.675,, to hex. 
Solution 


The given decimal number is a mixed number. Convert the integer and the fraction parts 
separately to hex. 


Conversion. of 2598,, 


Suecessive division Remainder 
Decimal Hex 
16 2598 
16 162 6 T6 
16 10 2 ]12 
0 10 lA 


Reading the remainders upwards, 2598, = A26;«. 
Conversion of 0.675, 
Given fraction is 0.675 


0.675 x 16 | 10.8 
0.800 x 16 | 12.8 
0.800 x 16 | 12.8 
0.800 x 16 L 12:8 


Reading the integers to the left of hexadecimal point downwards, 0.675,) = 0.ACCC,¢- 
Therefore, 2598.675,, = A26.ACCC,,. 
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Conversion of very large decimal numbers to binary and very large binary numbers to 
decimal is very much simplified if it is done via the hex route. 


EXAMPLE 2.61 Convert 49056; to binary. 
Solution 


The given decimal number is very large. It is tedious to convert this number to binary 
directly. So, convert this to hex first, and then convert the hex to binary. 


Successive division Remainder 


Decimal Hex Binary group 


0 10 0000 
10 | A 1010 
15 | F 1111 
11 | B 1011 


Therefore, 4905619 = BFA0,, = 1011111110100000,. 


EXAMPLE 2.62 Convert 1011011101101110, to decimal. 


Solution 
The given binary number is very large. So, perform the binary to decimal conversion via 
the hex route. 
1011 0111 0110 1110, 2 B7 6 Ey, 
B76E, = (11 x 16°) + (7 x 16°) + (6 x 16") + (14 x 16°) 
= 45056 + 1792 + 96 + 14 


= 46958, 


Octal To Hexadecimal Conversion 


` i T fi convert to binary 
To convert an octal number to hexadecimal, the simplest way is to first co 
and then the binary to hexadecimal. 


EXAMPLE 2.63 Convert 756.603, to hex. 


Solution 


g 5 Bo 76 0 3 
Given octal number is MI 101 110. 110 000 Ol 
munverteach, octal DONE d 0001 1110 1110. 1100 0001 1000 
Groups of four bits are 1 E ETAG l 8 


Convert each four-bit group to hex IEE .C18y¢ 
The result is 
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Hexadecimal to Octal 


To convert a hexadecimal number to octal, the simplest way is to first convert the given 
hexadecimal number to binary and then the binary number to octal. 


EXAMPLE 2.64 Convert B9F.AE,, to octal. 


Solution 

Given hex number is B 9 poA E 
Convert each hex digit to binary 1011 1001 1111.1010 1110 
Groups of three bits are 101 110 O11 111 . 101 011 100 
Convert each three-bit group to octal Sorry i a Bh | 
The result is 5637 . 534,. 
Hexadecimal Addition 


Addition in hexadecimal is performed in a manner similar to that in decimal. To add in hex, 
all the digits in each column along with the carry if any, are added in decimal and its hex 
equivalent obtained. The sum term in hex is recorded in that column, and the carry term 
is carried to the next column. 


EXAMPLE 2.65 Add 2A7C.30D,, and 8D9.E8B,,. 


Solution 
18 16 16' 16° 16! 167 16? 
EL T o. 3 07 *" D 
dae. D 9 E 58 B 
3 BS 6 1 9 8 
Starting from the LSD 
D + B= 13 + 1l = 244) = 18,6 (sum 8, carry 1) 
0+8+1=9,=9,, (sum 9, carry 0) 
3 + E = 349 + 14, = 17, = "m (sum 1, carry 1) 
€*9*1-212,*9,- lio = 2219 = 1616 (sum 6, carry 1) 
HEIDE 13; + Lig = 214 = 155 (sum 5, carry 1) 
BF BSE 105 + 8, + 1j; = 19, = 13, (sum 3, carry 1) 
2*1-7234,-23, (sum 3, carry 0) 


The result is 3356.198,.. 


EXAMPLE 2.66 Add 3BCA.5078,, + 9EBD.97F3,, + SFB.E2C,,, 
Solution 
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Starting from the LSD 
8 +3 = lli = Big 
dicts Ho Co E to, 15155,1239. 349 = 22 
O+F742+2 = lly = B, (sum B, carry 0) 
5 9E 1519 + 919 Ho 2819 = 1Cy, (sum C, carry 1) 
A*D*Btl-10*1,*1l1,235,- 23. (sum 3, carry 2) 
CBE 2 = 1210 * Wig + 155 + 21 = 40, = 28, (sum 8, carry 2) 
Soio k n P. 1419 + Sip + 24) -232,- 2016 (sum 0, carry 2) 


(sum B, carry 0) 
16 (sum 2, carry 2) 


Hexadecimal Subtraction 
Subtraction in hexadecimal is similar to that in decimal. 


EXAMPLE 2.67 Subtract 78D6.3B,, from BO8E.A1 ,,. 
Solution 


The hex subtraction is performed as explained below 


16 16 16 16° 16 16? 
B WOW Ye mpiya SW) 1 
o D6 3 B 
a 7G 


In the 16°7’s column, B cannot be subtracted from 1. So, borrow a 1 from the 167'’s 
column leaving 9 there; the 1 borrowed from the 16 "s column becomes 16 in the 167 ?'s 
column. So, 


In the 167?s column,16 + 1 — B = 16, + lio — llio = 6 
In the 167 "s column, 9-376 
In the 16"'s column, E - 6 = 14 - 6p = 8 


In the 16!’s column, D cannot be subtracted from 8. So, borrow a 1 from the 16^s 

column. But there is a 0 in that column, so, borrow a | from the 16"s column leaving 

A there. The 1 borrowed from the 16?'s column becomes 16 in the 16°’s column, leave 

15 there and bring 1 to the 16'’s column. It becomes 16 in that column. 

16 + 8 — D = 2419 - 3g = ll = B 
15-8-7 


In the 16"s column, 
In the 16?'s column, 
In the 16°’s column, A-7210, - 710 = 3 

The result is 37B8.66,.. 
Subtraction in hexadecimal can also be accomplished by the 15’s and 16’s complement 


methods, similar to 1’s and 2's complement methods of binary. —— e 

The 15's complement of a hex number is obtained by subtracting each digit of the 
number from 15 (F) and its 16's complement is obtained by adding a 1 to its 15's 
complement. The 15's complement of a hex number is the same as the 1’s complement of 
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the number expressed in binary and its 16's complement is the same as the 2's complement 
of the number expressed in binary. 


EXAMPLE 2.68 Find the 15's and 16's complements of the following hexadecimal numbers. 


(a) 76 (b) 449 (c) 7B.A (d) F20.3AE 
Solution 
(a) EE 
ESL 
89 (15's complement of 76) 
l (Add 1) 
8A (16’s complement of 76) 
(b) FFF 
-4A9 
BS 6 (15's complement of 4A9) 
1 (Add 1) 
B57 (16’s complement of 4A9) 
(c) EXE... OE 
EX UB. - uA. 
aes 97$ (15's complement of 7B.A) 
1 (Add 1) 
84.6 (16's complement of 7B.A) 
(d) mer PER 
pee Oh. 31A E 
PDF. C5 | (15's complement of F20.3AE) 
1 (Add 1) 
DEAF.C52 (16's complement of F20.3AE) 
EXAMPLE 2.69 Subtract 4AB.6B,, from 5074.56,. using the 15's complement method. 
Solution 
«44.556 5.07 4.. 5.6 
See OB = +F R54. 9 4 (15's complement of 04AB.6B) 
+4BC8.EB 04BC8.EA 
$ ET (End around carry) 


4BC8.EB 
The carry indicates that the result obtained is positive and is in hex itself. 
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EXAMPLE 2.70 Subtract 507D.56,, from 4AB.68,, using the 16's complement method. 


Solution 


04AB.68 04AB.68 
= 5) ORD. S6 S 7A (18-21 AA (16’s complement of 507D.56) 
=4 Bape), EE BA 20g. | 2 (No carry) 


There is no carry, indicating that the result obtained is negative and therefore in its 16's 
complement form. The 16’s complement of B42E.12,, is 4BDI.EE,,. Therefore, the final 
result is — 4BD1.EE,,. 


Hexadecimal numbers can also be subtracted using the 1’s or 2’s complement method, 
because the 15's complement of a hex number is the same as the l's complement of the 
equivalent binary number and the 16’s complement of a hex number is the same as the 2’s 
complement of the equivalent binary number, 


EXAMPLE 2.71 Subtract the following hexadecimal numbers using the 1’s complement 
arithmetic. 
(a) 4816 — 2616 (b) 45,4 — 7416 
Solution 
Find the 1’s complement of the subtrahend and express it in hex and add it to the minuend. 


(a) 26), in binary = 0010 0110 
26,4 in 1’s complement form = 1101 1001 = D9, 


4816 4 8 
- 2616 = +D9 (1’s complement of 26,5) 
D2 021 
S+1 (End around carry) 
2 2 


The carry indicates that the result obtained is positive and is in hex itself. 


(b) 74,6 in binary = 0111 0100 
74,4 in 1’s complement form = 1000 1011 = 8By¢ 


4 45 js 
FS > +8 B (1’s complement of 74,6) 

rai 

-2F DO (No carry) 

à s complement form. 


There is no carry. So, the result obtained is negative and is ps l 
The l's complement of D0; = 2F is. So, the final result is — 2Fj¢. 


EXAMPLE 2.72 Subtract (a) 69,, — 4316 and (b) 27,, — 7316 using the 2's complement 
arithmetic. 
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Solution 


Find the 2's complement of the subtrahend and add it to the minuend. 


(a) 43, in binary = 0100 0011 


43,5 in 2's complement form = 1011 1101 = BD; 
69,, 69 
- 43,6 => + BD (2’s complement of 43,6) 


2616 026 (Ignore carry) 


The carry indicates that the result obtained is positive and is in hex itself. 


(b) 73, in binary = 0111 0011 
73,, in 2s complement form = 1000 1101 = 8Dic 


291 237 
273,6 => +8D (2’s complement of 73,6) 
—4Cig B 4 (No carry) 


No carry indicates that the answer is negative and is in its 2's complement form. The 2's 
complement of B4 is 4C. Therefore, the final result is — 4C, 


Hexadecimal Multiplication 


The hexadecimal multiplication is similar'to decimal multiplication. To perform multiplication 
in hexadecimal, multiply the digits in decimal and convert each product term into hex. Record 
the sum term in hex, and carry the carry term to the next column. 


EXAMPLE 2.73 Multiply 2A8,, by B6,.. 


Solution 
2A8 8 x 6 = 481) = 301, 
X AX 6— 10x 6 605; 60 4 3i 63, =,3F 
0 2X 6 = 1219; 12, 43, = 1519 = Fy 
ip 3 8 8xB=8 x 11 = 88, = 58, 
TE a 7 0 PANN ME 11054110, + 55 115,573, 
PABA AEM 225; 22,5: Tio = 294 = TD; 
Hexadecimal Division 


Hexadecimal division is similar to decimal division. 
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EXAMPLE 2.74 Divide 2COBE,, by 2A;«. 


Solution 
2A)2COBE (10C7.924 
2A 2A(42i)) can go in 2C(44,) 1 time, with a remainder of 2. 
20B 2A cannot go in 20. 2A(42\,) can go in 20B(523,,) 12,9(C) times, with 
1F8 a remainder of 1915(13,,). 
13E 2A(42,)) can go 7 times in I3E(318,)), with a remainder of 24,,(18;,). 
126 
180 2A(42,9) can go 9 times in 180,,(384,)), with a remainder of 6,9(6;,). 
17A 
60 2A(42,,) can go 2 times in 60,,(96,,), with a remainder of 121«(C;5). 
54 
CO 2A(42;o) can go 4 times in C0,,(192,,), with a remainder of 244«(18,9). 
A8 
18 


2.6 MISCELLANEOUS EXAMPLES 


EXAMPLE 2.75 Given that 16,, = 100,, find the value of b. 


Solution 


Given 16, = 100, 
Convert 100, to decimal. a yates 
Therefore, 16 = 1x b? Ox ba 0xb^-b, or b=4 


EXAMPLE 2.76 Given that 292, = 1204 in some number system, find the base of that 
system. 
Solution 
Let the base be b. Then j p 
292,, = 1204, = 1 xb+2xb?+0xb' +4xb 
or 292, = b! + 2b? + 4 


i y tri wb 6; 
Since 4 is the largest digit in the given number, b 2 5, by trial and error, 


EXAMPLE 2.77 In the following series, the same integer is Ser cw ww 
systems. Determine the missing number of the series: 10000, 121, BE A Se 


Solution } 
If we take the first number to be in binary, 
it is equal to 16,9 in base 3. Similarly 100 is gm : 
in base 6. So, the missing number is 31 in base 5. 

of the following arithmetic operations is correct 
bases in each operation. 


its equivalent is 16,9. The next number is 121; 
1 to 16,9 in base 4, and 24 is equal to 1619 


in at least one 


EXAMPLE 2.78 Each yir 
number system. Determine the possible 
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(a) 1234 + 5432 = 6666 (b) — 19 
() 22 (d) 23 + 44 + 14 + 32.- 223 
B 3 EM E ee 
(espe: 1l (f) 441 — 5 
Solution 
(a) 1234 
* 5432 


6 6 6 6 It is valid in any number system with base > 7 (since the largest digit used is 6). 
(b) Let the base be b. Express both sides in decimal. 


4b+1 
3 =b+3 or 46+1=3b+9 or b=8 
Therefore, the above equation is valid in base 8 system. 
(c) 33 = 11 


3 
Let the base be b. Converting to decimal, 


3b + 3 = 3(b + 1) = 3b + 3, 


It is valid for any value of b. Since the largest digit in th number is 3. The base can 
g £ e 


(d) Let the base be b. Expressing in decimal, 


2+3+4b4+4+b+443b4+2= 26 1 243 or b'-45- 520 or b=s5 


The relation is therefore valid in base 5 system. 
(e) Let the base be b. Expressing in decimal, 


Solving for b, we Bet b = 4, 


(f) Let Mz base be b. Expressing in decimal, /45 +T = 5 
Squaring both sides, 4b + | = 25 or b=6 
Therefore, the base is 6, 


SUMMARY 


* The base or radix of a number s indi 
$ t 
id that system, ystem indicates the number of unique symbols used 
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The base or radix point separates the integer and fraction parts 
The extreme right digit in any number is th 
MSD. 

A decimal number can be converted to a nu 


using the sum-of-weights method or by repeated division by b. In repeated division 
by b, the remainders are read from bottom to top. i 


€ LSD and the extreme left digit is the 


mber in any other system with base b by 


A decimal fraction can be converted to a fraction in any other number system with 

base b by using the sum-of-weights method or by repeated multiplication by b. In 

pees by b, the integers to the left of the radix point are read from 

The binary system has two symbols 0 and 1. A binary digit is also called a bit. 
E 4-bit binary group is called a nibble. Binary word lengths are multiples of four 
its. 

Conversion of large decimal numbers into binary and vice versa is simpler via the 
hexadecimal system. 

Conversion of octal to hexadecimal and vice versa is simpler via the binary system. 
The computer method of multiplication requires repeated addition. 

The computer method of division requires successive subtraction. 

Subtraction in any number system with base b can be done by the b's complement 
method or (b — 1)'s complement method. 

In b's complement subtraction, the carry is ignored and in (b — 1)'s complement 
method the carry is added to the LSD. 

Negative numbers can be represented in sign magnitude form, or in l's complement 
form, or in 2's complement form. 

In signed magnitude form, the MSB represents the sign bit (0 for positive and 1 for 
negative) and the remaining bits represent the magnitude of the number. 

If b is the base of a number system, (b — 1)'s complement of a number can be 
obtained by subtracting each digit of the number from (b — 1) and b's complement 
of any number can be obtained by adding 1 to its (b — 1)'s complement. 

The complement of the complement gives the original number. 

The 2's complement system has a unique zero. But the 1’s complement system has 
two zeros, a positive 0 (all 0s) and a, negative 0 (all Is). , 
The 1’s complement of a binary number is obtained by complementing each bit of the 

number. 


The 2's complemen 
complement and adding | to it, or (b) b s 
from 2", or (c) by copying down, starting from the = 
the first 1 and then complementing the remaining bits. 
presented using double precision or triple precisi 
isters) to represent each 


t of a binary number can be obtained (a) by finding its l's 
) y subtracting the given N-bit binary number 


LSB, all bits up to and including 


on. 
Large numbers can be re| 

; aoc z 
Double precision notation requires two storage locations (reg 


binary number. 


> 
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e In the floating point notation, both very large and very small binary numbers can be 
represented very conveniently. 
e The main advantage of octal and hexadecimal systems is their ease of conversion to 


18. How are binary and octal numbers related? 
19. What are the advantages of octal and hexadecimal systems? Where are they used? 
20. How do you convert a hexadecimal number to octal and vice versa? 


and from binary. 
Which of the following systems have two 0s? 


e An octal number is l/3rd the length of the corresponding binary number and a hex 21. 
number is 1/4th the length of the corresponding binary number. (a) Sign-magnitude (b) 1’s complement (c) 2’ 
e To convert an octal number into binary, replace each octal digit by its 3-bit binary : E. Mikes eagle 
tient: 22. What weight does the digit 6 have in each of the following numbers? 
* To convert a binary number into octal, starting from the binary point make groups (QU (IAS (c) 658 (d) 115.67 
of 3-bits on either side of the binary point and replace each 3-bit group by an octal 23. Express each of the following decimal numbers as a sum of the products of each digit 
digit. and its appropriate weight. 
. To convert a binary number into hex, starting from the binary point, make groups (a) 63 (b) 157 (c) 125.64 (d) 6015.75 
of 4-bits on either side of binary point and replace each 4-bit group by a hex digit us : dte : 
TN i A A. s à 2 24. hat are the weights of the MSB of (a) a 10-bit binary number and (b 8-bit hex 
| * To Voi a hex number into binary, replace each hex digit by its 4-bit binary number? 3 : fpe 
equivalent. 
PROBLEMS 


* The hex system is particularly useful for human communication with computers 


Subtract the following decimal numbers by the 9's and 10's complement methods. 


QUESTIONS 24 
"hat i iti - E c) 574.6 - 279.7 (d) 376.3 — 765.6 
i s b meant by a positional weighted system? (a) 274 i (b) A 615 . P. 3 s 9 (d) 3 
. at is meant by ‘base’ or ‘radix’ of a number s ? 2.2 Convert the following binary numbers to decimal. 
ystem? 
s i i c) 1101.11 d) 1101110.011 
^ you convert a decimal number to an equivalent number in any other base uf a 1011 i (5) Mun on ie ks (d) 
, i onvert the following decimal numbers é 
: ES do you convert a number in any base system to an equivalent decimal number? (a) 37 (b) 128 (c) 197.56 (d) 205.05 
- Explain the followi : + * : 
6. What are the x ta iie (2) bit, (b) byte, (c) nibble, and (d) word length. 2.4 Add the following binary numbers. 
f antages o! i " b A 
number system? ges of (a) the binary number system, and (b) the hexadecimal (a) 11011 + 1101 (b) 1011 + 1101 + 1001 + 111 mo 
7. What do b (e) 10111.101 + 110111.01 (d) 1010.11 + 1101.10 + 1001.11 + 1111. 
: you mean th e E s 
method? y the sum-of-weights method and successive division-by-b 2.5 Subtract the following binary numbers. 
EU db yo i iplicati b) 10110 — 1011 
ae D u mean by successive multiplication-by-b method? (a) 1011 — 101 di Moret mtt 
ci = 5 computer method of multiplication and division. (c) 1100.10 — 111. 
. o you mean b "n x 3 5 ; ers. 
Wood on. E minh E og Precision numbers and floating point numbers? DE WENG Aa following bine pe (b) 11001 x 10 
12. What do you mean by the ‘si Eom OLX 2 1 (d) 10110 x 10.1 
+ in by the ‘signed magnitude’ form of representation? (c) 1101.11 x 101. 
E you obtain the 1’s complement and 2's complement of a binary number? 2.7 Divide the following binary numbers. Rome 


(a) 1010 by 11 (d) 110111.1 by 101 


14. Compare the 1’s comple ei c methods of re tion of by 10.1 
4, pl ment and 2’s omplement Tt c 
presenta! 1101 
(c) Y 


negative numbers. 
15. What isti , 3 
are the characteristics of the 2's complement method? 2 ; ing binary numbers by the computer method. 
16. How do you perform bi bimet ^ Á .8 Multiply the following ry un (d) 1111 x 100 
nary subtraction using the 1's and 2's complement methods? (a) 1011 x 1] (b) 1001 x 10] — (9 oo 


17. 
What do you mean by end around carry? When does it come into picture? 


ES 


oa 
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2.9 Divide the following binary numbers by the computer method. 
b) 110010 by 101 
(a) 1011 by 10 ( 
(c) 1100100 by 1101 (d) 100010 by 1010. 


2.10 Find the 12 bit 2's complement form of the following decimal numbers. 


(a) - 37 (b) - 173 (c) - 65.5 (d) — 197.5 
2.11 Find the 12-bit 1’s complement form of the following decimal numbers. 
(a) - 97 (b) - 224 (c) - 205.75 (d) — 29.375 


2.12 Subtract the following decimal numbers using the 12-bit 2's complement arithmetic, 
(a) 46 - 19 (b) 27 - 75 (c) 125.3 — 46.7 (d) 36.75 — 89.5 


2.13 Subtract the following decimal numbers using the 12-bit 1’s complement arithmetic. 
(a) 52-17 (b) 46 — 84 (c) 63.75 - 17.5 (d) 73.5 — 112.75 


2.14 Represent the following decimal numbers in 8-bit, (i) sign magnitude form, (ii) sign 
I's complement form, and (iii) sign 2's complement form. 


(a) + 14 (b) + 27 (c) + 45 (d) - 17 

(e) - 37 (f) - 76 
2.15 Convert the following octal numbers to hexadecimal. 

(a) 256 (b) 2035 (c) 1762.46 (d) 6054.263 
2.16 Convert the following hexadecimal numbers to octal. 

(a) 2AB (b) 42FD (c) 4F7.A8 (d) BC70.0E 
2.17 Convert the following octal numbers to decimal. 

(a) 463 (b) 2056 (c) 2057.64 (d) 6534.04 
2.18 Convert the following decimal numbers to octal. 

(a) 287 (b) 3956 (c) 420.6 (d) 8476.47 


2.19 Add the following octal numbers, 

(a) 173 + 265 (b) 1247 + 2053 (c) 25.76 + 16.57 (d) 273.56 + 425.07 
2.20 Subtract the following octal numbers, 

(a) 64 — 37 (b) 462 

— 175 

(c) 175.6 - 47.7 (d) 3006.05 — 2657.16 
2.21 Multiply the following octal numbers. 

(a) 46x 4 (b) 262 x 5 (c) 265 x 2.5 
2.22 Divide the following octal numbers. 

(a) 420 by 5 (b) 2567 by 6 (c) 153.6 by 7 


(d) 6472 x 5.4 


(d) 4634.62 by 12 
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2.23 Subtract the following octal numbers by the 7's and 8's complement methods. 


LC SEEMNE)NSCL 63... (s) 173 —666 (ay 243.6 — 7105:64 
2.24 Convert the following hexadecimal numbers to binary. 
(a) C20 (b) F297 (c) AF9.B0D (d) E79A.6A4 


2.25 Convert the following binary numbers to hexadecimal. 
(a) 10110 (b) 1011011011 
(c) 110110111.01111 (d) 1101101101101.101101 
2.26 Convert the following hexadecimal numbers to decimal. 
(a) AB6 (b) 2EB7 (c) A08F.EA (d) 8E47.AB 


2.27 Convert the following decimal numbers to hexadecimal. 
(a) 452 (b) 4796 (c) 1248.56 (d) 8957.75 


2.28 Add the following hexadecimal numbers. 


(a) AC6 + B59 (b) AOFC + B75F 
(c) EOF3.5D + 49E6.F7 (d) ABC7.54 + 26F3.AB + DAC9.6F 


2.29 Subtract the following hexadecimal numbers. 


(a) BCS - A2B (b) F27 - B9E 
(c) CDF7.52 — ABS.8 (d) 67F2.6E — 4A0E.A9 


2.30 Multiply the following hexadecima! numbers. 


(a) 28A x B (b) 5A9B x 7 (c) 5032.6E x 6 (d) 92.5 x B.3 
2.31 Divide the following hexadecimal numbers. , " 
(a) AB9 by C (b) 4056 by 9 (c) 6ABF.6D by lA. (d) 3781.4 by 5.8 


as 's lement 
2.32 Subtract the following hexadecimal numbers by the 15's and 16's compleme 


methods. 
(a) BE - 5E 
(c) BC7.5 — AS3E.4B 


(b) AB6 - 745 
(d) 4230.5 — 73A.3. 


i 
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Table 3.1 Binary coded decimal codes 


Chapter 3 pecimal digit 8421 2421 5211 5424 


642-3. 84-2-4. .x$3 

0 0000 0000 0000 009090 999g 0000 0011 

1 0001 0001 0001 20001 0101 0111 0100 

2 0010 0010 0011 0010 0010 0110 0101 

BINARY CODES 3 0011 0011 0101 200411 1001.04.04. 0110 

4 0100 0100 0111 0100 0100 0100 0111 

5 0101 1011 1000 1000 4101 1 1011 1000 

6 0110 1100 1010 1001 04110 1010 1001 

7 ORD Set ARNAN NAL OU 2615091 9^ 44074 *419! 90$ 74 949 

3.1 WEIGHTED AND NON-WEIGHTED CODES 8 [IOIOIO Oe 145504011 1010 10 00 1011 

Binary codes can be classified as numeric codes and alphanumeric codes. Alphanumeric 9 ee ts 1100 111 1 11 11 T1100 
codes represent alphanumeric information, i.e. letters of the alphabet and decimal numbers 


as a sequence of Os and Is. Numeric codes represent numeric information, i.e. only 
Í 


numbers as a series of Os and 1s. Numeric codes used to represent decimal digits are called 
Binary Coded Decimal (BCD) codes. 


We are very comfortable with the decimal number system, but digital systems force us 


sequential Codes 


A sequential code is one, in which each succeeding code word is one binary number greater 


: i de facilitates mathematical manipulation of data. 
1o use the binary system. Although the binary number System has many practical advantages than its Eu n eee al The codes 5211, 2421 and 642-3 are not 
and is widely used in digital computers, in many cases it is very convenient to work with The 8421 an 
decimal numbers, especially when communication between man and machine is extensive. sequential. 
Since most of the numerical data generat 


ed by man are in decimal numbers, to simplify the 
Communication process between man and machine, several systems of numeric codes have 


Self-complementing Codes 
been devised to represent decimal numbers as a series of BCD codes. | 
A BCD code is one, 


time—into groups of four 


'sc f N, ie 
A code is said to be self-complementing, if the code word of the 9's complement o ie 
binary numbers. There are 


zing Js and Is 
f 9 — N can be obtained from the code word of N by interchanging all ge H goa = 
E^ j : e e cod 01 
fece in a self-complementing code, the code for 9 is og ree ptem ue 
: 2421, 5211, 642-3, 84-2- AS-3 
6 for 3, and 5 for 4.(The 2421, EE. The self. 
ER i: $ des. The 8421 and 5421 codes are not dedicada Mun M 
i See aon is desirable in a code when the 9’s complement mus 
T xe complementing pr 
rinciple. Each position of the number represents a specific 


complementing, the sum of 
i i i For a code to be conp s, 0 is to be 
; 1 such as in 9’s complement subtraction. ee ; be the weights, 0 is to 
cimi ue E aom i eed bits, the sum of the weights of those positions where the all its weights must be 9. This is because peor aient theveode for 9: is the 
binary digit is 1 is equal to the decimal digit which the uj resents. Th in a self-complem - v 
group rep . There are several 000 and since 
| weighted codes. The weighted codes may be ei p represented by 0 


a 2421 
ed by l. There are only four (2421, 
represented by 111 
complement of the code for 0, 9 has to be rep 


B ere are 13 negatively- 
5211, 3321, 4311) positively-weighted self-complementing codes. There are 


uec ed 2 weighted self-complementing codes. 
i ; nc Weight must be either 1 or 2, and 

the — ie all the weights must be equal to or greater than 9. In negatively-weighted codes, 

some wi weights assigned to the binary digits must be negative. The codes 8421, 2421. Cyclic Codes ffers from the preceding one 
pd d NM are some of the Positively-weighted codes available. The codes ; in which each successive code word Can Gray code is a cyclic 

ES =l, -1 and 74-2-1 are some of the negatively-weighted codes. Non- Cycli godes ae ee ay e also called unit distance i haft position into a digital 

weighted codes are codes, which do not obey the Position-weighting principle. Excess-3 ETE DC asition- They arc an analog quantity such as shalt Pos 

(XS-3 ) code and Gray Code are non-weighted Codes. Table 3.1 shows some of the code. It is often used for translating E 
positively-weighted, negatively-weighted 


form. 
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3.2 THE 8421 BCD CODE 


The $421 BCD code is so widely used that it is a common practice to S ü it simply as 
BCD code. In this code, each decimal digit, 0 through 9, is coded by a 4- it Ms number, 
It is also called the natural binary code because of the 8, 4, 2 and 1 weights attached to 
it. It is a weighted code and is also sequential. Therefore, it is useful for mathematica] 
operations. The main advantage of this code is its ease of conversion to and from decimal, 
It is less efficient than the pure binary, in the sense that it requires more bits. For example, 
the decimal number 14 can be represented as 1110 in pure binary but as 0001 0100 in 8421 
code. Another disadvantage of the BCD code is that, arithmetic Operations are more 
complex than they are in pure binary. There are six illegal combinations 1010, 1011, 1100, 
1101, 1110 and 1111 in this code, i.e. they are not part of the 8421 BCD code system. 


BCD Arithmetic 


A disadvantage of the 8421 code is that, the rules of binary addition and subtraction do not 
apply to the entire 8421 number but only to the individual 4-bit groups. The BCD addition 
is, therefore, performed by individually adding the corresponding digits of the decimal 
numbers expressed in 4-bit binary groups starting from the LSD. If there is a carry out of 
One group to the next group, or if the result is an illegal code, then 619 (0110) is added to 
the sum term of that group and the resulting carry is added to the next group. (This is done 
to skip the six illegal states.) The BCD subtraction is performed by subtracting the digits 
of each 4-bit group of the subtrahend from the corresponding 4-bit group of the minuend 
in binary starting from the LSD. If there is a borrow from the next group, then 6,, (0110) 
is subtracted from the difference term of this group. (This is done to skip the six illegal states.) 
In practice, subtraction is performed by the complement method. Since we are subtracting 
decimal digits, we must form the 9's or 10's complement of the decimal subtrahend and 
encode that number in the 8421 code. The resulting BCD numbers are then added. 


EXAMPLE 3.1 Perform the following decimal additions in the 8421 code. 
(a) 25 + 13 (b) 679.6 + 536.8 
Solution 
(a 25 x 0010 0101 (25 in BCD) 
+13 + 0001 0011 (13 in BCD) 


38 0011 1000 (No Carry, no illegal code. So, this is the correct sum) 
679.6 
©) E. a in EIC MMOL. EOLO ai (520.6 9d BCD) 
E 0011 0110 .1000 (536.8 in BCD) 
1216. 1011 1010 1111 1110 (All are illegal codes) 


X010 +0110 +0110 4 0110 
© 0001 ©0000 O00 o 0100 
ENNOU GO Ao ow ee 
0001 0010 0001 0110 ‘0100 ^ (Corrected sum) 
1 2 1 6 4 


(Add 0110 to each) 
(Propagate carry) 


i 
l 
l 
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EXAMPLE 3.2 Perform the following decimal subtractions in the 8421 BCD code. 


(a) 38 - 15 (b) 206.7 — 147.8 

Solution 
(a) 38 0011 1000 (38 in BCD) 

-15 © -0001 01001 (15 in BCD) 

—23. 0010 0011 (No borrow. So this is the correct difference.) 
(b) 206.7 e; 0010 0000 0110 0111 (206.7 in BCD) 

— 147.8 — 0001 0100 0111 .1000 (147.8 in BCD) 

padece IUD MID EA E 

58.9 0000 1011 1110 .IIII (Borrows are present, subtract 0110) 


— 0110 — 0110 —0110 
0101 1000 .1001 (Corrected difference) 


EXAMPLE 3.3 Perform the following decimal subtractions in BCD by the 9’s complement 


thod. 
2 (a) 85 - 24 (b) 305.5 — 168.8 (c) 679.6 — 885.9 
Solution 
85 85 
K — 24 ER eet (9’s complement of 24) 
61 © 60 
$ +1 (End around carry) 
61 
85 1000 0101 (85 in BCD) ; 
+ 750 > +0111 0101 (9’s complement of 24 in BCD) 
" 1111 1010 (Both are illegal codes, add 0110 to each) 
+0110 +0110 
© 0101 © 0000 (Propagate carry) 
ae MA aa tea LISP 
110 0000 
% ; 1 (End around carry) 
0110 0001 (Corrected difference) 
(b) 305.5 305.5 ; 
— 168.8 E^ e 831.1 (9s complement of 168.8) 
NEST —— 9 1:66 
& +1 (End around carry) 
136.7 
in BCD) 
Me e e lpien à part of 168.8 in BCD) 
+ 831.1 + 1000 0011 0001 um ol sa 
01 
+1011 0011 0110 . 
* 0110 


e OOOO 
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0110 
+1 (End around carry) 


0111 (Corrected difference) 


No carry. So the result is negative and is in 9’s complement form. So the result is 


00001 0011 0110 
$ 
0001 0011 0110 
(c) 679.6 679.6 
- 8859 © «1140  (9's complement of 885.9) 
- 206.3 793.6 (No carry) 
- 206.3. 
679.610 0110 0111 1001 


.0110 (679.6 in BCD) 


+ 114.0 ^ +0001 0001 0100 


Oll] 1000 1101 
+ 0110 


.0000 (9’s complement of 885.9 in BCD) 
0110 (1101 is an illegal code, add 0110) 


0111 1000 O 0011 


*14 


.0110 (Propagate carry) 


0111 1001 0011 


-0110 (No carry; 793.6 in BCD) 


There is no carry and, therefore, the result is negative and is in its 9’s complement 
form. The 9's complement of 793.6 is 206.3. So the result is — 206.3. 


EXAMPLE 3.4 Perform the following subtractions in 8421 code using the 10's complement 


method. 
(a) 342.7 — 108.9 


(b) 206.4 — 507.6 
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3064 0010 0000 0110 .0100 (2064 i 
.4924 ^ «0100 1001 pn Bele 


01 -0100 (10's compl 
ement of i 
0010 .010 0 p! nt of 507.6 in BCD) 


1000 .1000 (No illegal codes, no carry) 


Š the result is negative and is in i , 
As there 15 no carry, U 1s in its 10's complement form. Th: i 
complement of 698.8 is 301.2. So the corrected difference is — 301.2. xu 


3.3 THE EXCESS THREE (XS-3) CODE 


The Excess-3 code, also called XS-3, is a non-weighted BCD code. This code derives its 
name from the fact that each binary code word is the corresponding 8421 code word plus 
0011(3). It is a sequential code and, therefore, can be used for arithmetic operations. It is 
a self-complementing code. Therefore, subtraction by the method of complement addition 
is more direct in XS-3 code than that in 8421 code. The XS-3 code has six invalid states 
0000, 0001, 0010, 1101, 1110 and 1111. 


xs-3 Arithmetic 


The XS-3 code has some very interesting properties when used in addition and subtraction. 
To add in XS-3, add the XS-3 numbers by adding the 4-bit groups in each column starting 
from the LSD. If there is no carry out from the addition of any of the 4-bit groups, subtract 
0011 from the sum term of those groups (because when two decimal digits are added in 
XS-3 and there is no carry, the result is in XS-6). If there is a carry out, add 0011 to the 


n | sum term of those groups (because when there is a carry, the invalid states are skipped and 
the result is in normal binary). 


e - d Y eg : To subtract in XS-3, subtract the XS-3 numbers by subtracting each 4-bit group of the 
= 891.1 (10's complement of 108.9) subtrahend from the corresponding 4-bit group of the minuend starting from the ae = 
a x 1 suc 
9233.8 (Ignore carry) there is no borrow from the next 4-bit group, add 0011 to the difference term o 


d in XS-3 and there is no borrow, the 
0011 from the difference term 
valid states, so the result is in 


groups (because when decimal digits are subtracte 
result is in normal binary). If there is a borrow, subtract 
(because taking a borrow is equivalent to adding six In +e, esu eis 
XS-6). In practice, subtraction is performed by the 9’s comp 


complement method. 


342.7 
= pi oio 0010 0111 (342.7 in BCD) 
oo 1 0001 .0001 (10's complement of 108.9 in BCD) 
1101 0011 .1000 (1011 and 1101 are illegal codes, add 0110 
* 0110 +0110 shag 


He s 
9 0001 0 0011 0011 
EXP 1:2 .1000 


— COS NM 
—9 0010 001! 0011 .1000 


ditions in XS-3 code. 


(Propagate carry) 
(c) 247.6 + 359.4 


EXAMPLE 3,5 Perform the following ad 


7 + 28 
(Ignore carry) op Ong 


0010 — 0011 0011 .1000 (Corrected difference) SOIN 
(b) 2064 206.4 ( in XS3 
> : DE 1000 (5 in XS-3) 
aes 3.3924. (10's complement of 507.6) +3 +0110 Q in X3) 
- (No carry) 8 1110 (No carry) 


No carry. So the answer is negative and is in 10" 


= Subtract 0011) 
of 698.8 is — 301.2. ae n 


| 1011 (Corrected sum i 


s 
complement form. The 10's complement n XS-3) 
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(b) 37 0110 1010 (37 in XS-3) 
+28 © «0101 1011 (28 in XS-3) 
65 1011 © 0101 (Carry generated) 
A ee, (Propagate carry) 
1100 0101 (Add 0011 to correct 0101) 
- 0011 + 0011 (Subtract 0011 to correct 1100) 
1001 1000 (Corrected sum in XS-3) 
(c) 247.6 0101  Olll 1010 .1001 (247.6 in XS-3) 
+3594 ^ +0110 1000 1100 0111 (359.4 in XS-3) 
607.0 1011 1111 00110 @ .0000 (Carry generated) 


consen stile del sedium 1. (Propagate. carry) 
10) 0 0000 — Oll .0000 
Lc DEK ud NI WE 
1100 — 0000 01H .0000 (Add 0011 to 0000, 0111 and 
-0000) 
— 0011 +0011 +0011 + .0011 (Subtract 0011 from 1100) 
1001 0011 1010 0011 (Corrected sum in XS-3) 
EXAMPLE 3.6 Perform the following subtractions in XS-3 code. 
(a) 267 - 175 (b) 57.6 - 27.8 
Solution 
(à 267 0101 1001 1010 (267 in XS. 
-3) 
-1735 © -90100 1010 — 1000 (175 in XS-3) 
092 
R on n 0010 (Correct 0010 and 0000 by adding 0011) 
= 0011 +0011 (Correct 1111 by subtracting 0011) 
0011 1100 0101 (Corrected difference in XS-3) 
(b) à 2 eN 1000 1010 1001 (57.6 in XS-3) 
A — 0101 1010 1011 (27.8 in XS-3) 
E 0010 1 
Hb o i0 ee 0010 by adding 0011 and correct 
oS TNI TEN and 1111 by subtracting 0011) 
0101 i 
1110 1011 (Corrected difference in XS-3) 
EXAMPLE 3.7 Perform the followi ions i 
ing subtractions in XS-3 code using the 9’s complement 
(a) 687 — 348 (b) 246 — 592 
Solution 


xs-3 code of 348 = 0110 0111 1011 
p's complement of 348 in XS-3 = 1001 1000 0109 
XS-3 code of 687 — 1001 1011 1010 
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687 687 
— 348 © +651 (9's complement of 348) 
339 9 338 
% + (End around carry) 
339 (Corrected difference in decimal) 
1001 1011 1010 — (687 in XS-3) 
+ 1001 1000 0100 (1s complement of 348 in XS-3) 
© 0010 @ 0011 1110 (Carry generated) 
+1 J +1 4 (Propagate carry) 
0011 0011 1110 
& + | (End around carry) 
0011 0011 1111 (Correct 1111 by subtracting 0011 and cor- 
+0011 +0011  - 0011 rect both groups of 0011 by adding 0011) 
0110 0110 1100 (Corrected difference in XS-3) 


(b) The subtrahend (592) in XS-3 and its complements are: 
9's complement of 592 — 407 
XS-3 code of 592 — 1000 1100 0101 
I's complement of 592 in XS-3 = 0111 0011 1010 
XS-3 code of 246 — 0101 0111 1001 


246 246 
—592 > +407 (9s complement of 592) 
— 346 653 (No carry) 


As there is no carry, 


complement of 653 is 346. So, the result is — 


the resul 


t is negative and is in 9's complement fo! 


rm. The 9's 


346. 


1001 (246 in XS-3) p.e 
pum boit 1010 (1’s complement of 592 in XS-3) 
1100 1010 @ 0011 (Propagate carry) 
E ing 0011 and correct 
Correct 0011 by adding Ol 
n AR * m aD and 1100 by subtracting 0011) 
-0011 = 
No carry) P 
a in 1 is negative and is in 


(a) The subtrahend (348) in XS-3 code and 
9's complement of 348 = 651 


its complements are: 


lt 
is no carry. So the resu NOU in hona 


The sum is the XS-3 form of 653. There ee 5s 0110 011 


l's complement form. The l's complemen 
(34610). So, the answer is — 346. 


O O O O O O 


hla 
dins Fee ai pan”! 1011 0101 
- alien 
the 2's complement form. The 2’s comp 
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EXAMPLE 3.8 Perform the following subtractions in XS-3 code using the 10^ 
complement method. 

(a) 597 - 239 (b) 354 - 672 
Solution 


(a) 10's complement of 239 = 761 
XS-3 code of 239 = 0101 0110 1100 
2's complement of 239 in XS-3 code = 1010 1001 0100 
XS-3 code of 597 = 1000 1100 1010 


597 597 
-239 c +761 (10’s complement of 239) 
358 @ 358 (Ignore carry) 


358 (Corrected difference in decimal) 
1000 1100 1010 (597 in XS-3) 
+ 1010 1001 0100  (2's complement of 239 in XS-3) 


© 0010 © 0101 1110 (Propagate carry) 
TID iu =) Lv 


l 0011 0101 1110 
+0011 +0011 — 0011 


(Ignore carry) 

(Correct 1110 by subtracting 0011 and 
correct 0101 and 0011 by adding 0011) 
(Corrected difference in XS-3 code) 


0110 1000 1011 
(b) 10's complement of 672 = 328 
XS-3 code of 672 — 1001 1010 0101 


2's complement of 672 in XS-3 code = 0110 0101 1011 
XS-3 code of 354 = 0110 1000 0111 


354 354 
-672 > +328 (10's complement of 672) 
— 318 682 (No carry) 
No carry. So the result is negati is ini : 
mee i ME it a its 10’s complement form. The 10's complement 
" vs 1000 0111 (354 in XS-3) 
se x = 101 (2’s complement of 672 in XS-3) 
aid: 0010 (Propagate carry) 


1100 

- 0011 Pn * ote (Correct 0010 by adding 0011 and correct 
1110 and 1100 by subtracting 0011) 

(No carry) 

no 


is the XS-3 form of 682. There į 
deni Of the suse Ihe result is negative and is in 
18,,). So, the answer is 318. "m is 0110 0100 1011 in XS-3 code 
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PLE 3.9 Encode the decimal digits 0, 1, 2, |. $ 
prie 731-2, 631-1, 5311, 74-2-1 and 7421. ` 9 by means of weighted codes 


Solution 
The encoding is shown in Table 3.2. 


Table 3.2 Encoded decimal digits 


Decimal 3321 4221 731-2 631-4 
0000 0000 000 


5311 74-2-1 7421 


0 0 0000 0000 0000 0000 
4 0001 0001 0010 0010 0001 01141 0004 
2 GOROR POOR 5011-1...010 1 0011 0110 0010 
3 dg 0:011 — 0110 0" 010-0 -0100-01 0 1 0044 
4 04504 1000 0110 0110 0101 0100 0100 
5 duod 1001 1001 1000 1010 04101 
6 Pome 101 1. 101 1 1001 100 1 0110 
7 Aone d 100 0..1010 1011 1000 1000 
8 T1010 ille 3110.71 ETI0 4 TU ta v1 1 1001 
9 SERM 11411. 1111 1101 1110 41010 


3.4 THE GRAY CODE 


i -weighted code, and is not suitable for arithmetic operations. It is 
ape ie s rs ‘ ive code words in this code differ in 
not a BCD code. It is a cyclic code because successive co Rim 

bit position only, i.e. it is a unit distance code. It is the most popular of the unit di 
MORSU c i ienificant bits for 2" through 2" — 1 are 
codes. It is also a reflective code. The n least signi x : > ah A sind by 

: A = -bit Gray c 
the mirror images of those for 0 through 2'-T. 2 5 n od Md rang tie MSE of 
reflecting an N — 1 bit code about an axis at the en im 5 ELLE det i shown in 
0 above the axis and the MSB of 1 below the axis. m eon ites corresponding 
Table 3.3. Another property of the Gray code is that the i y Sis S sition pen 
to the decimal number 2"-' for any n differs from Gray vw = at unit distance from 
he cnedu — Srey CONT min E bm ies an arbitrary number, or 
0. It is easier to determine the pattern assignment € orresponding ions to and “from binary. 
decode an arbitrary number Gray code pattern using ue m conversion to and from 
4 de is its ease c 

Inf e popularity of the ey vanetion systems where linear or 
ques Gra US z PT n BE ere and E E T cos x Mies. AD 
angular dE en is measured. They are also used In shalt, enc : 

1 i t. 
converters and other peripheral equipmen f its p 

Consider a rotating disk that provides = ic a 1, and when they Mete es 
When the black part, they output à > A see now what happens 
Sector i Aus rum ose the disk is coded in binary; ma the 000 sector. If one 
When the eas B on ve 111 sector and almost ready to ©" "con would be indicated 

i the 4 ld result. Since 
LIS UNS nens of E 180? error 1n di r would always 
by a 011 instead of a 111 or 000. Therefore £ isely aligned, some error WO 
itis physically impossible to have all the brushes precis 


position in 3-bit binary (Fig. 3.1). 


S OOOO 


y 
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-to-Gray Conversion 
cy wer Gray code _ TOM Decimal 4-bit binary pas 
t-bit 2-bit 3-bit 4-bit 1f an m-bit binary number is represented by B, B, |... B; and its Gray cod 
5 - here B, and G h Hoppe S Gray code equivalent by 
0 00 000 0000 0 00 G, G, i. Gy Where B, and G, are the MSBs, then the G i i 
00 [arte ray code bits are obt 
1 01 001 0001 1 dace (he binary code as follows. € obtained from 
11 011 0011 2 0010 G, - B, 
10 010 0010 3 qona G, ,-B,OB, , 
110 0110 4 0100 G,_.= B,_,®B,_, 
114 0111 5 0101 
EM 0101 6 0110 G, = B; B, 
0100 7 0111 where the symbol € stands for the Exclusive OR (XOR) operation explained below 
1100 8 1000 The conversion procedure is as follows: : 
1101 
AL NP i ' d 01 1. Record the MSB of the binary as the MSB of the Gray code. 
1110 41 dd ‘ A 2. Add the MSB of the binary to the next bit in binary, recording the sum and ignoring 
1010 12 PAO the carry, if any, i.e. XOR the bits. This sum is the next bit of the Gray code. 
1011 13 PP 3. Add the 2nd bit of the binary to the 3rd bit of the binary, the 3rd bit to the 4th bit, 
1001 and so on. 
14 T1510 : : : 
1000 15 1111 4. Record the successive sums as the successive bits of the Gray code until all the 
bits of the binary number are exhausted. 


Another way to convert a binary number to its Gray code is to Exclusive OR (i.e. to 
take the modulo sum of) the bits of the binary number with those of the binary number 


be prese! : 
present at the edges of the sectors. If the disks were coded in gray, a similar error would 
shifted one position to the right. The LSB of the shifted number is discarded and the MSB 


make the disk to be read as 110 i : i 
are on the sector 010 and almost NN at a very small error, i.e. if the brushes | 

NU tie positioe would be ew : À oe 110 sector and if the 4’s brush is slightly l : RBC 

Figure 3.1 illustrates this operation y instead of 010 resulting in a very small error. | of the Gray code number is the same as the MSB of the original binary number. 

EXAMPLE 3.10 Convert the binary 1001 to Gray code. 
101 Solution 
0 -—@> 1 (b) Binary 1001 
| Il Shifted binary — 1000 


111 
(a) Binary I -O> i —@> 


100 | | 
Gray 1 1 0 1 Gray 
1° (MSB) of the binary as th 


110 169 
e 8's bit of 
1 


Method I. As shown in (a), record the 8's bit " meth che binary (0 = 1) 
the Gray code. Then add the 8's bit of the binary to the 4's bit of the binary ( 1 


Record the sum as the 4's bit of the Gray code. Add the 4 s bit of bai PO dt i 2 
bit of the binary (0 + 0 = 0). Record the sum as the 2's bit of da ps m uh 
bit of the binary to the l's bit o ox 


f the binary (0 + 1 = 1). Rec 
of the Gray code. The resultant Gray cod 
en binary num 


le is 1101. 
] Method II. As shown in (b), write the giv 1 
shifted one place to the right. Record the MSB of the binar, A 
code. Add the subsequent columns (0 + 1250* 0 " f 
corresponding sums as the subsequent s t bits of the 
shifted out. The resultant Gray code is 1101. 


———— umm 


on 

010 
ber and add it to the same number 
ry, ie. 1 as the MSB of the Gray 
] + 0 = 1) and record the 


Gray code. Ignore the bit 


010 


001 


(a) Binary code 
(b) Gray code 
ignifican 


Fig. 3.1 Position indicating System. 
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Gray-to-Binary Conversion 
If an n-bit Gray number is represented by G,G, ,. . Gi and its binary equivalent 
by B,B, ,...B, then binary bits are obtained from Gray bits as follows: 
B, = G, 
B,.,7 B,OG,., 
B,-2 = B, ,9 Griz 
B, = B; € G 


The conversion procedure is: 
1. The MSB of the binary number is the same as the MSB of the Gray code number; 
record it. 


2. Add the MSB of the binary to the next significant bit of the Gray code, i.e. XOR 
them; record the sum and ignore the carry. 


3. Add the 2nd bit of the binary to the 3rd bit of the Gray; the 3rd bit of the binary 
to the 4th bit of the Gray code, and so on. 


4. Continue this till all the Gray bits are exhausted. The sequence of bits that has been 
written down is the binary equivalent of the Gray code number. 
EXAMPLE 3.11 Convert the Gray code 1101 to binary. 
Solution 


The conversion is done as shown below: 


Gray íl 1 0 1 

me ia e 

Binary 1 0 0 1 
: Record the 8's bit (MSB) of the Gray code as the 8’s bit of the binary. Add the 8's 
bit of the binary to the 4’s bit of the Gray code (1 + 1 = 10) and record the sum (0) as 
the 4's bit of the binary (ignore the carry bit). Add the 4's bit of the binary to the 2’s bit 
of the Gray code (0 + 0 = 0) and record the sum as the 2’s bit of the binary. Add the 2’s 


bit of the binary to the l's bit of Gray code (0 + 1 = 1) and record the sum as the 1's 
bit of the binary. The resultant binary number is 1001. 


In a normal Gray code, the bit patterns for 0 (0000) and 9 (1101) do not have a unit 
distance between them. That is, they differ in more than one position. In XS-3 Gray code, 
each decimal digit is encoded with the Gray code pattern of the decimal digit that is greater 
by 3. It has a unit distance between the patterns for 0 and 9. Table 3.4 shows the XS-3 
Gray code for decimal digits 0 through 9. 
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Table 3.4 The XS-3 Gray code for decimal digits 0-9 


Decimal digit XS-3 Gray code Decimal digit XS-3 Gray code 
0 os 0 1 0 5 
4 * > A 1 1 0 0 
1 m $ 1 i 6 1 1 0 1 
2 7 1 1 1 1 
3 0 1 oan 8 quem soa 
à (rm ajaaa elg 9 quies Epey 


3.5 ERROR-DETECTING CODES 


When a binary data is transmitted and processed, it is susceptible to noise that can alter or 
distort its contents. The 1s may get changed to Os and 0s to ls. Because digital systems 
must be accurate to the digit, errors can pose a serious problem. Several schemes have been 
devised to detect the occurrence of a single-bit error in a binary word, so that whenever 
such an error occurs the concerned binary word can be corrected and retransmitted. 


Parity 


The simplest technique for detecting errors is that of adding an extra bit, known as the 
parity bit, to each word being transmitted. There are two types of parity—odd parity and 
even parity. For odd parity, the parity bit is set to a 0 or a | at the transmitter such that 
the total number of 1 bits in the word including the parity bit is an odd number. For even 
parity, the parity bit is set to a 0 or a 1 at the transmitter such that the total number 1 
bits in the word including the parity bit is an even number. Table 3.5 shows the parity bits 
to be added to transmit decimal digits 0 through 9 in the 8421 code. 


Table 3.5 Odd and even parity in the 8421 BCD code 


Decimal 8421 BCD Odd parity Exon pany 
0 000 0 1 E 
1 Geo. o 1 p 1 
2 MOL. 0 0 0 
3 D. ly Ssd : 1 
4 Ow dosaOA 0 0 0 
5 0 1.0: 1 i 0 
6 Dy (ale 055.0. 1 1 
7 O bimn 9 1 
8 dir Oi Mis O 4 0 
9 EDU ONT i 


i ircui tes an error signal if 
i i itv checking circuit genera n * 
igi s received, a parity € i rates ui m 
the Ld Re gem in an odd-parity SUA or = i eus id ae ie 
i i r but can! zs 
an tect a single-bit erro 1 SABIR "ofi 
Within ig Mbroni La e practical system, there is always a finite P 


-—————— s 
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occurrence of Single error. The Probability that 


: CENE " T€ errors 
simultaneously, although non-zero, is substantially smaller. Odd Parity is y " cur 
than *n parity because even Parity does not detec ituation where d. m 


by 


bit) code. In general, to obtain an N bit error- 
Possible 2^ combinations of digits can be u 
10 decimal digits, at least 5 binary digits are to be used. The c 
à manner that in order to change one valid code word into 


minimum distance is two or more. The distance betwei 
number of digits that must change in a word so that the 
the distance between 0011 and 1010 is 2, and the distance between 01 


EXAMPLE 3.12 In an €ven-parity scheme, which of the following words Contain an error? 
(a) 10101010 (b) 11110110 (c) 1011100) 
Solution 


EXAMPLE 3.13 In an odd-parity scheme, which of the following words contain an error? 


(a) 10110111 (b) 10011010 (c) 11101010 
Solution 


(a) The number of Is in the word is even (6). So, this word has an error. 
(b) The number of Is in the word is even (4). So, this word has an error. 
(c) The number of Is in the word is odd (5). Therefore, there is no error. 


Simple parity cannot detect two errors within the same word. One way of overcoming this 
difficulty is to use a sort of two-dimensional parity. As each word is transmitted, it is added 
to the sum of the previously transmitted words, and the sum retained at the transmitter end. 
At the end of transmission, the sum (called the check sum) up to that time is sent to the 
receiver. The receiver can check its sum with the transmitted sum. If the two sums are the 
same, then no errors were detected at the receiver end. If there is an error, the jos 
location can ask for retransmission of the entire data. This is the type of transmission us 
in teleprocessing systems. 


Block Parity 


ccession, Iting collecti: 
words are transmitted or stored in su ession, the resu £ 

When several binary à ion 
of bits can be regarded as a block of data, having rows and columns. Parity bits can then 
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; « S , single 
2 both rows and columns. This scheme makes it possible to correct any M 
be assigned ui ri a data word and to detect any two errors in a word. c parity vida? 
pus est h a block parity technique, also called word parity, is v 
ty word. Such a block p: 
often called a pari 


used for data stored on magnetic tapes. 


i i in succession can be formed into a 6 * 8 block for 
a CSR HEAR VENE af aad ^tt odd parity is maintained both row-wise and 
Sous give! 4 the block is transmitted as a 7 x 9 block as shown in Table A. At the 
ut di E ity is checked both row-wise and column-wise and suppose errors are 
EE A d A Table B. These single-bit errors detected can be corrected by 
d e vd error bit. In Table B, parity errors in the 3rd row and Sth column mean 
is ti SENG the 3rd row is in error. It can be corrected by complementing it. 
EY Ex ae «iin in Table C can only be detected but not corrected. In Table C, parity 
PIG eects in both columns 2 and 4. It indicates that in one row there are two errors. 


Table A 


oio a aoao 
at Soe 
Sedo suo 
= = Os 0228 
clo 2 OB Om 
—— OF 0 


Parity row > 


Table B 


0 
1 
1 
0 
1 
1 
1 


Sioa N 
as Of Bou 
2l2o0o02oc0o 
EP FIM 


1 

0 
0 
0 
1 

0 
1 


Table C 


2000 


OiO =a aono 


1 
0 
1 
0 
1 
0 
0 


34.30001 a 


-a 


E 
Parity error in 5th column 


1:130 
OERA 1 
EES 
1 1:0 
8.515 4 
t $45 4 
1 Kom 0 

1 
$615 9 
0 010.4 
ea) 
hee tid 
Ü oig 4 
dud 1 
s00 


Parity column 


© Parity error in 3rd row 


Parity errors in 2nd and 4th columns 
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Five-bit Codes 


Some S-bit BCD codes that have parity contained within each code for ease of error 
detection are shown in Table 3.6. The 63210 is a weighted code (except for the decimal 
digit 0). It has the useful error-detecting property that there are exactly two Is in each code 
group. This code is used for storing data on magnetic tapes. The 2-out-of-5 code is a non. 
weighted code. It also has exactly two Is in each code group. This code is used in the 
telephone and communication industries. At the receiving end, the receiver can Check the 
number of ls in each character received. The shift-counter code, also called the Johnson 
code, has the bit patterns produced by a 5-bit Johnson counter. The 511 1l code is similar 
to Johnson code but is weighted. 


Table 3.6 Five-bit BCD codes 


Decimal 63210 2-out-of-5 Shift-counter 51111 
0 00110 00011 00000 00000 
1 00011 00101 00001 00001 
2 00101 00110 00011 00011 
3 01001 01001 00111 00111 
4 01010 01010 guit omiaa 
5 01100 01100 eat sit 10000 
6 10001 10001 321515110 11000 
7 10010 10010 11100 11100 
8 10100 10100 11000 JUS 
9 11000 11000 10000 xai or 

The Biquinary Code 


The biquinary code shown in Table 3.7 is a weighted 7-bit BCD code. It is a parity data 
Code. Note that each code group can be regarded as consisting of a 2-bit subgroup and a 


Table 3.7 The biquinary code 


Decimal digit Biquinary code 


5 4 "3-2 
BN ox 


0 
0 
0 
0 
1 
0 
0 
0 
0 


oo5ooooooog 


0 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 


0 
1 
2 
3 
4 
5 
6 
7 
8 
9 


E oe. 10000 


0 
0 
0 
0 
1 
1 
1 
1 
1 


o-ooooooco 
coooocooo.s.cg|. 
ocoooooocooouilo 
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f these subgroups contains a single 1. Thus it has the error- 
SDi gop oca dis group bs ciety two Is and each subgroup has exactly 
ona gite: of the bit positions are 50 43210. Since there are two positions with 
o j t" gf potu to encode decimal 0 with a group containing ls, unlike other 
Mihi emt The biquinary code is used in the Abacus. 


The Ring-counter Code 


it ri will produce a sequence of 10-bit groups having the property that each 
ds Heic (ET Node code shown in Table 3.8 is the code obtained by 
Eos hn a decimal digit to each of those ten patterns. It is a weighted code (9 8 7 6 5 
455 1.0) because each bit position has a weight equal to one of the 10 decimal digits. 
Although this code is inefficient (for 1024 numbers can be encoded in pure binary with 10 
bits as against 10 numbers only in ring-counter code), it has excellent error-detecting 
properties and is easier to implement. 


Table 3.8 The ring-counter code 


Decimal digit Ring-counter code 

9 87 922-50 
0 0000000001 
1 0000000010 
2 0000000100 
3 0000001000 
4 0000010000 
5 0000100000 
6 0001000000 
T 0010000000 
8 0100000000 
9 1000000000 


3.6 ERROR-CORRECTING CODES 


A code is said to be an error-correcting code, if the correct code word can always be 
deduced from an erroneous word. For a code to be a single-bit error-correcting code, the 
minimum distance of that code must be three. The minimum distance of a code is the 
smallest number of bits by which any two code words must differ. A code with minimum 
distance of three can not only correct single-bit errors, but also detect (but cannot correct) 
two-bit errors. The Key to error correction is that it must be possible to detect and locate 
erroneous digits. If the location of an error has been determined, then by complementing 
the erroneous digit, the message can be corrected. One type of error-correcting code is the 
Hamming code. In this code, to each group of m information or message or data bits, k 
Parity-checking bits denoted by P,, P2,. . ., P, located at positions 2*~' are added to form 
an (m + k)-bit code word. To correct the error, k parity checks are performed on selected 
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digits of each code word, and the position of the error bit is located by forming an error 
word, and the error bit is then complemented. The &-bit error word is generated by putting 
a0 ora 1 in the 2°” 'th position depending upon whether the check for parity involving the 


parity bit P, is satisfied or not. 


The 7-bit Hamming Code 


nee pe 
To transmit four data bits, three parity bits located at positions 2°, 2', and 2° are added to 
make a 7-bit code word which is then transmitted. The word format would be as shown 
below: 


DI Dp e CD 


where the D bits are the data bits and the P bits are the parity bits. P, is set to a 0 or | 
so that it establishes even parity over bits 1, 3, 5, and 7 (P, D; D; D,). P, is set to a 0 
Or a 1 to establish even parity over bits 2, 3, 6 and 7 (P; D D, D;). P, is set to a 0 or 
a 1 to establish even parity over bits 4, 5, 6, and 7 (P, D; D, D;). The 7-bit Hamming code 
for the decimal digits coded in BCD is shown in Table 3.9. 


Table 3.9 The 7-bit Hamming code 


Decimal digit Hamming code bits 


lo 


=-=- 0000000o0ġ| 0 
OOaaaaoooolO 
Ooaaoo-aaoojp 
2200-22-20 
209020-2- 0-0-o|Ẹ 
o2o2o22ooloo|v 
O -02200-0 


0 
1 
2 
3 
4 
5 
6 
7 
8 
9 


EXAMPLE 3.14 Encode data bits 0011 into the 7-bit even-parity Hamming code. 
Solution 
The bit pattem is 

D, D; P, D, P 2 P, 

0 1 1 


Bits 1, 3, 5,7 (Le. P, 1 1 0) must have even parity. So, P, must be a 0. 
Bis 2,.4. 6. 7. (ie. P; 1 0 0) must have even Parity. So, P, must be al. 
Bits 4, 5, 6, 7 (ie. P, 1 0 0) must have even parity. So, P, must be a 1. 


Therefore, the final code is 0011110. 
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At the receiving end, the message received in Hamming code is decoded to see if any 
errors have occurred. Bits 1, 3, 5, 7, bits 2, 3, 6, 7, and bits 4, 5, 6, 7 are all checked 
for even parity. If they all check out, there is no error. If there is an error, the error bit 
can be located by forming a 3-bit binary number out of the three parity checks and the error 


bit is then corrected by complementing it. 


Assume that a 7-bit Hamming code is received as 1111001. Analyzing the bits 1, 3, 5, 7 
(1 0 1 1) of which P, is a parity bit, an error is detected. So, put a ] in the 1’s position 
of the error word. Analyzing the bits 2, 3, 6, 7 (0 0 1 1) of which P; is a parity bit, 
no error is detected. So, put a 0 in the 2's position of the error word. Analyzing the bits 
4, 5, 6, 7 (1 1 1 1) of which P, is a parity bit, no error is detected. So, put a 0 in the 
4's position of the error word. So the error word is 001, a decimal 1. Therefore, the bit 
in position 1 is in error; complement it. The corrected code should be read as 1111000. 

The concept of 7-bit Hamming code discussed above can be extended to any number 
of bits by inserting parity bits at 2" bit positions. The format for a 15-bit Hamming code 
would be as shown below. 


Dis Dis D D;; D, Dio D, P, D; D; D; P, D; P; P; 
EXAMPLE 3.15 The message below coded in the 7-bit Hamming code is transmitted 


through a noisy channel. Decode the message assuming that at most a single error occurred 
in each code word. 


1001001011100111101100011011 


Solution 


The given data is of 28 bits; split it into four groups of 7 bits each and correct for the error, 
if any, in each group and write the corrected data. 


First group is 1001001 
1, 3, 5, 7 (1001) > no error > put a 0 in the I's position 


2, 3, 6, 7 (0001) > error > put a 1 in the 2’s position 
4, 5, 6, 7 (1001) > no error > put a 0 in the 4’s position 


The error word is 010. So, complement the 2nd bit. Therefore, the correct code is 
OOO tT. 


Second group is 0111001 


1, 3, 5, 7 (1010) > no error > put a 0 in the 1’s position 
2, 3, 6, 7 (0010) p error > put a 1 in the 2's position 
4, 5, 6, 7 (1110) 2 error > put a 1 in the 4's position 


> —=— — — $] — | i 3 
" t eC — 


82 Fundamentals of Digital Circuits " b 
] Binary Codes 
A = 6th bit. Therefore, the correct > 
The error word is 110. So, complement ps Code ls , g i 
0011001. Table 3.10 shows the ASCII code groups. For ease of presentation, they are listed with 
the three most significant bits of each group along the top row and the four least significant 
Third group is 1 110110 bits along the left column. 
1, 3, 5, 7 (0111) > enor QUIBUS Din fie esee 
pee í i ? Table 3.10 The ASCII code 
2, 3, 6, 7 (1111) D no error 2 put 4 0 m the 2g Position 
2, 3, 6, : 3 T MSBs 
4, 5, 6, 7 (0111) > eor Pid siputiednAthesd!s position 
000 001 010 011 T5. OF) SO tee tet 901 T^Y 
` 4 
The error word is 101. So, complement the Sth bit. Therefore, the correct code i 0000| NUL| DEL | Space| o @ | P 
[3.00 0001| soH | Dc1 qe pese tes aula 
Fourth group is 00 11011 0010 STX DC2 D 2 ài B R | b r 
a 0011 ETX DC3 3 Cc S c s 
1, 3, 5, 7 (1010) > no error > put a 0 in the 1's position 0100| EOT | pc s 7 5 = : i : 
2, 3, 6, 7 (1000) 3 error > put a 1 in the 2's Position 0101 END NAK % 5 E U e u 
4, 5, 6, 7 (1100) 2 mero — 2 — puta0 in the 4's position Arun kcu od HN zg aug p 
LSBs| 0111 BEL ETB É 7 G Ww g w 
The error word is 010. So, complement the 2nd bit. Therefore, the correct code is 700 o| BS CAN ( B H x n z 
0011001. 1001| HT | EM ILI | Yi y 
Therefore, the corrected message is 1001011001100111001100011001. 1010 LF SUB E I J rd j z 
1011 VT ESC * K k 
3.7 ALPHANUMERIC CODES i 
|1100 FF +t FS < L \ | | 
Alphanumeric codes ar 1101 CR S = = M 
ücbsal igi, They ea used to encode the characters of alphabet in addition to the ] S | 2 } 
VO devices such as printers ae for transmitting data between computers and its Tefetror| SO c RS : 3 ‘i N n UN 
of bits used in most PEOR E Ad giny terminals. Because the number Lol ol 1" SI US / | 1 o E o DLE 
decimal digits and 26 alphabetic diris E ruga More than those required to encode 10 x 
of other symbols and functions as NL ese codes include bit patterns for a wide range Abbreviations 
the ASCII code and the EBCDIC code, ° "'95t Popular modern alphanumeric codes at ACK Acknowledge ^ EM End of medium NAK Negative acknowledge 
4 BEL Bell ENQ Enquiry NUL Null 
The 
ASCII Code BS Backspace EOT End of transmission RS Record separator 
The American Standard Code f CAN Cancel ESC Escape SI Shift in 
1$ à widely used alphanumeric ¢ Information Interchange (ASCII) pronounced as ASKEE CR Carriage return ETB End of transmission block SO Shift out 
different bit pattems that can apes IS IS basically a 7 pi code. Since the number ? DC1 Direct control 1 EXT End of text SOH Start of heading 
| to encode both the lowercase a ki With 7 bits js 27 = 128 ilic ASCII can be vs DC2 Direct control 2 FF Form feed SIX Start text 
cr en arial symbols as wel, in ag Ana characters of the alphabet (52 symbols) a DC3 Direct control 3 FS Form separator SUB Substitute 
make — that interface with s 10 decimal digits. It is used extensive d DC4 Direct control 4 GS Group separator SYN Synchronous idle 
binary E m accommodation Ba i Systems. Many large systems als DEL Delete idle HT Horizontal tab US Unit separator 
» ASCII is very ea cause characters are assigned: in "ascendi" DLE Data link escape LF Line feed VT Vertical tab 


Sy for 
à computer to alphabetize and sort. 
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The EBCDIC Code 
The Extended Binary Coded Decimal Interchange Code (EBCDIC) pronounced as 'eb-si-dik' 


t 
EBCDIC code can be used to encode all the symbols and control characters found in eae 


Unlike ASCII, which uses a straight binary sequence for representing characters, this code 
uses BCD as the basis of binary assignment. Table 3.11 shows the EBCDIC code, 


Table 3.11 The EBCDIC code 


MSD (Hex) 


= 
© 
= 


SUMMARY 


* Binary codes may be numeric or alphanumeric. 
* Alphanumeric codes repi 

sequence of Os and Is. 
* A sequence of bin 


word. 


resent the letters of the alphabet and decimal numbers as a 


ary digits such as that representing a decimal digit, is called a code 


© Numeric codes used to Tepresent decimal numbers are called BCD codes 
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The BCD codes may be weighted or non-weighted. The weighted codes obey the 
position-weighting principle. 

In every positively-weighted code, one of the weights must be 1, the second must be 
either 1 or 2 and the sum of all the weights must be equal to or greater than 9. 
Positively-weighted codes are those codes in which all the weights assigned to the 
binary digits are positive only. 

Negatively-weighted codes are codes in which at least one of the weights assigned to 
the binary digits is negative. 

There are 17 positively-weighted codes, out of which only four are self-complementing. 
There are 13 negatively-weighted self-complementing codes. 

In a sequential code, each succeeding code word is one binary number greater than 
its preceding code word. 

In a self-complementing code, the code word for the 9's complement of N is the l's 
complement of the code word for N. 

For a code to be self-complementing, the sum of positional weights must be 9. 

In a cyclic code each successive code word differrs in only one digit position from 
its preceding code word. 

The 8421 BCD is less efficient than pure binary, but its main advantage is its ease of 
conversion to and from decimal. 

Each one of the 4-bit BCD codes has 6 illegal states. 

The XS-3 BCD code is a non-weighted code, but is used for mathematical operations 
because it is a sequential code. 

In the XS-3 code, each binary code word is the corresponding 8421 code word plus 
0011. 

Where special additive requirements exist, the XS-3 code can be used; and where 
mechanical systems must be used, binary coded Gray codes are helpful. 

The Gray code is a unit distance code and its main advantage is its ease of conversion 
to and from binary. 

The Gray code is not a BCD code; it is not sequential, but cyclic and reflective. 
The Gray code cannot be used for mathematical operations. It is used in instrumentation 


and data acquisition systems where linear or angular displacement is measured. It is used 
in shaft encoders, I/O devices, A/D converters and other peripheral devices. 


The simplest technique for detecting a single error is that of adding an extra bit, 
known as parity bit, to each word being transmitted. 

For even parity, the parity bit should be set to a 0 or a 1, so that the total number 
of Is in the word to be transmitted including the parity bit is even. 

For odd parity the parity bit should be set to a 0 or a 1, so that the total number of 
Is in the word to be transmitted including the parity bit is odd. 

Odd parity is used more often than even parity, because even parity does not detect 
a situation where all Os are created by a short circuit or any other fault condition. 
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e A code is said to be error detecting, if it possesses the property such that the 
occurrence of a single error transforms a valid code word into an invalid one, 


Check sums provide a sort of two-dimensional parity. 

Block parity can correct any single error in a data word and detect any two errors in 

à data word 

* A code is said to be error correcting, if the correct code word can always be deduced 
from àn erroneous word. 

* The minimum distance of a code is the smallest number of bits by which any two 
code words differ, 

* The minimum distance of both BCD and XS-3 codes is 1, 

* The number of digits that must change in a word to get the other word is the distance 

between those two words. 


For single-bit error detection, the minimum distance between code words must be two 
or more, and for single-bit error correction it must be three or more. 


e Hamming codes can, not only detect errors but also correct them. 


In the Hamming code, to each group of m data bits, k parity bits located at Positions 


2*7! are added to form an (m + X)-bit code word. 


The ASCII code and the EBCDIC code are the most popular, modern alphanumeric 
codes. 


The EBCDIC code does not use a straight binary sequence for representing characters. 
but uses BCD as the basis of binary assignment. 


y 


QUESTIONS 


1.. What is the difference between (a) a code and a code word, (b) a weighted code and 


à non-weighted iti 3 A : 
ie Ehted code, and (c) a Positively-weighted code and a negatively-weighted 


What do you mean by straight binary coding? 


What do you mean by a sequential code? Write two Sequential codes 


4... What do you mean by a selfcomplementing code? Write two self-complementing 


8. Compare BCD and binary systems of coding. 
9. What do you mean by an invalid State? Give examples. 


10. Define XS-3 code and XS.3 f n 
XS-3 code. Gray code. What are their salient features? Write the 
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What do you mean by the Gray code? What are its applications? 


12. à : y 

13. How do you convert a binary number to a gray number and vice versa? 

14. What do you mean by a reflected code? Write an example. ! 

15. What do you mean by a unit distance code? Write one such 4-bit code. 

16. What is a parity bit? What do you mean by odd and even parity systems? What is 
block parity? Why is odd parity used more often than even parity? 

17. What do you mean by an error-detecting code and an error-correcting code? 
Enumerate their requirements. 

18. What do you mean by the minimum distance of a code? 


19. Define check-sums? 

20. Name some S-bit codes. 

21. What is the error checking property of the biquinary code? 

22. What are the advantages and disadvantages of the ring-counter code? 

23. What is Hamming code? How is the Hamming code word tested and corrected? 

24. What do you mean by an alphanumeric code? Name some of them. What are 
alphanumeric codes used for? 


PROBLEMS 
3.1 Express the following decimal numbers in the 8421 BCD code. 
(a) 296 (b) 157.5 (c) 4228.5 
(d) 809 (e6),587:52 (f) 2040.08 


3.2 Express the following decimal numbers in 2421, 5211, and 4311 codes. 
(a) 205 (b) 2630 (c) 697 (d) 4568 


3.3 Express the following 8421 BCD numbers as decimals. 


(a) 1000 0011 1001 (b) 0101 0111 1000 . 1001 
(c) 0110 1001 0111 . 0100 (d) 1000 0110 0000 0011 . 1000 


3.4 Express the following decimal numbers in the XS-3 code. 
(a) 97 (b) 653 (c) 812.9 
(d) 19 (e) 2515 (f) 2053.76 


3.5 Express the following XS-3 numbers as decimals. 


(a) 1011 1000 1100 (b) 0110 1010 0111 . 1000 
(c) 1001 1100 1000 . 0111 (d) 0111 1000 0101 1001 . 1000 


3.6 Add the following in (i) BCD and (ii) XS-3 codes. 
(a) 275 + 496 (b) 108 + 789 
(c) 89.6 + 273.7 


(d) 205.7 + 193.65 
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3.7 Subtract the following in (i) BCD and (ii) XS-3 codes. 


(a) 920 - 265 (b) 86 - 24 
(c) 467.6 - 258.9 (d) 635.7 - 419.8 
3.8 Convert the following decimal numbers to Gray code. 
(a) 6 (b) 12 (c) 20 
(d) 96 (e) 286 
3.9 Convert the following binary numbers to Gray code. 
(a) 1010 (b) 1101010 (c) 110110110 
(d) 10001 (e) 11001100 
3.10 Convert the following Gray codes to binary. 
(a) ul (b) 101101 (c) 100011101 
(d) 1001 (e) 1110111 
3.11 Which of the following words contain an error for odd parity? 
(a) 10010101 (b) 11010101 (c) 
10110110 
(d) 1010 (e) 110101 


3.12 Convert the following decimal numbers to 
counter, and (iv) ring-counter codes. 


(a) 29 (b) 153 (c) 697 
3.13 Encode all the BCD words into a 7-bit even-parity Hamming code. 


3.14 Detect and correct errors, if any, in the following even-parity Hamming code words 


(a) 1101010 (b) 0101101 
(d) 1001011 () ion (c) 0111101 


(i) 2-out-of-5, (ii) biquinary (iii) shift 


3.15 The i i 
ryan Em dens E dn ong and transmitted through a noisy 
word: 101101101110011100011 1010111, sine CS Se M Se 
3.16 Code the following in ASCII and EBCDIC. 


(a) BIRTH (b) AK47 


Chapter 4 


LOGIC GATES 


4.1 INTRODUCTION 


Logic gates are the fundamental building blocks of digital systems, The name logic 
gate is derived from the ability of such a device to make decisions, in the sense that 
it produces one output level when some combinations of input levels are present, and 
a different output level when other combinations of input levels are present. There are 
just three basic types of gates—AND, OR and NOT. The fact that computers are able 
to perform very complex logic operations, stems from the way these elementary gates 
are interconnected. The interconnection of gates to perform a variety of logical 
operations is called logic design. 

Logic gates are electronic circuits because they are made up of a number of 
electronic devices and components. They are constructed in a wide variety of forms. 
They are usually embedded in large-scale integrated circuits (LSI) and very large-scale 
integrated circuits (VLSI) along with a large number of other devices, and are not 
easily accessible or identifiable. Each gate is dedicated to a specific logic operation. 
Logic gates are also constructed in small-scale integrated circuits (SSI), where they 
appear with few others of the same type. In these integrated devices, the inputs and 
outputs of all the gates are accessible, that is, external connections can be made to 
them just like discrete logic gates. 

Inputs and outputs of logic gates can occur only in two levels. These two levels 
are termed HIGH and LOW, or TRUE and FALSE, or ON and OFF, or simply | and 0. 

A table which lists all the possible combinations of input variables and the corresponding 
Outputs is called a truth table. It shows how the logic circuit's output responds to various 
combinations of logic levels at the inputs. 

In this book, we use /evel logic, a logic in which the voltage levels represent logic 1 
and logic 0. Level logic may be positive logic or negative logic. A positive logic system 
is the one in which the higher of the two voltage levels represents the logic 1 and the 
lower of the two voltage levels represents the logic 0. A negative logic system is the one 
in which the lower of the two voltage levels represents the logic 1 and the higher of the 
two voltage levels represents the logic 0. In transistor-transistor logic (TTL, the most 
widely used logic family), the voltage levels are * 5 V and 0 V. In the following discussion 
in this chapter, logic | corresponds to + 5 V and logic 0 to 0 V. 
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4.2 THE AND GATE 


An AND gate has two or more inputs but only one output. The output assumes the logic 
l state, only when each one of its inputs is at logic 1 state. The output assumes the logic 
0 state even if one of its inputs is at logic 0 state. The AND gate may, therefore, be defined 
as a device whose output is 1, if and only if all its inputs are 1. Hence the AND gate is 
also called an all or nothing gate. 

Y The logic symbols and truth tables of two-input and three-input AND gates are shown in 
Figs. 4.la and 4.1b, respectively. Note that the output is 1 only when all the inputs are 1. The 
symbol for the AND operation is *:’, or we use no symbol at all. j 


utp 
B x 
A P UN G 0 
do 0 1 0 
8 dos 40 0 
Logic symbol ems 1 
(a) Two-input AND gate 
Truth table 
LT IMP ou py 
— Inputs ^ ^^ Output 
DATEC RUP E 
A D. IDEO 
^ X= ABC d rig > 
c 0 1 Q 0 
Logic symbol PSP. AR 0 
1 0 0 0 
d 905. 1 0 
1 NIST o 
ieee 1 
è EET ON lee ct 


(b) Three-input AND gate 
> | Fig. 4.1 The AND gate. 


Bees dai by A, B, C. the 
De written. as X= "A" B. Git Esos 
s+ + OF "X is equal to LN: ap Race Ps de 


» both the diodes DI and D2 
pe voltage drop occurs across R. 
or when both A and B are equal 
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+5V 


+5V 


D1 


T3 


D2 = 
(a) Two-input diode AND gate (b) Two-input transistor AND gate 


Fig. 4.2 Discrete AND gates. 


In the transistor AND gate, when A = 0 V and B = 0 V or when A = 0 V and B = 
+5 V or when A=+5 Vand B = 0 V, both the transistors T1 and T2 are OFF. Transistor 
T3 gets enough base drive from the supply through R and so, T3 will be ON. Hence, the 
output voltage X = Voe sa) = 0 V. When both A and B are equal to + 5 V, both the transistors 
TI and T2 will be ON and, therefore, the voltage at the collector of transistor T1 will drop. 
So, T3 does not get enough base drive and, therefore, remains OFF. Hence no current flows 
through the collector resistor of T3 and, therefore, no voltage drop occurs across it. Hence 
output voltage, X ~ 5 V. The truth table for the above gate circuits is as shown below. 


Truth table 
. Inputs _ Output 
A B x 
0v ov 0v 
ov 5V 0v 
5M 0v 0v 
SVSV 5v 


The IC 7408 contains four two-input AND gates, the IC 7411 contains three three-input 
AND gates, and the IC 7421 contains two four-input AND gates. 


4.5 THE OR GATE 


Like an AND gate, an OR gate may have two or more inputs but only one output. The 
Output assumes the logic 1 state, even if one of its inputs is in logic 1 state. Its output 
assumes the logic 0 state, only when each one of its inputs is in logic 0 state. An OR gate 
may, therefore, be defined as a device whose output is 1, even if one of its inputs is 1. 
Hence an OR gate is also called an any or all gate. It can also be called an inclusive OR 
Pale because it includes the condition ‘both the inputs can be present’. 
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The logic symbols and truth tables of two-input and three-input OR gates are shown 
in Figs. 43a and 4.3b, respectively. Note that the output is 1 even if one of the inputs is 1. 
The symbol for the OR operation is ‘+’. With the input variables to the OR gate 


represented by A, B, C . . . , the Boolean expression for the output can be written as 
X=A+B+C+.... This is read as "X is equal to A or Bor Cor... ”, or "X is 
equal to A plus B plus C plus... .” 
Truth table 
Inputs Output 
A B x 
0 0 0 
: EAT 0 1 1 
B 1 0 1 
Logic symbol Meri 1 
(a) Two-input OR gate 
Truth table 
Inputs Output 


aʻau ooo 
2-2o00-22o0o|o 
-o-2o-2oc-o|o 

Enim € oix 


eio Logic symbol 
(b) Three-input OR gate 
Fig. 4.3 The OR gate. 


Discrete OR gates may be realized by using di i i 
: D E ; y using diodes or transistors as shown in Figs. 4.4a 
and 4.4b, respectively. The inputs A and B to the gates may be either 0 V or + H v. 


*5V 


i (b) Two-input transistor OR gate 
Fig. 4.4 Discrete OR gates. 
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In the diode OR gate, when A = 0 V and B = 0 V, both the diodes D1 and D2 are OFF. 
No current flows through R, and so, no voltage drop occurs across R. Hence, the output 
voltage X = 0 V. When either A = + 5 V or B =+ 5 V or when both A and B are equal 
to + 5 V, the corresponding diode D1 or D2 is ON or both D1 and D2 are ON and act as 
short-circuits (ideal case) and, therefore, output X = 5 V. In practice, X = + 5 V — diode 
dop- *5V- 0.7 V = 43 V, which is regarded as logic 1. 

In the transistor OR gate, when A = 0 V and B = 0 V, both the transistors T1 and 
T2 are OFF. Transistor T3 gets enough base drive from + 5 V through R and, therefore, 
it will be ON. The output voltage, X = Vit, = 0 V. When either A = + 5 Vor B= 
45 V or when both A and B are equal to + 5 V, the corresponding transistor Tl or T2 
is ON or both T1 and T2 will be ON and, therefore, the voltage at the collector of T1 
is = Vees = 0 V- This cannot forward bias the base-emitter junction of T3 and, therefore, 
it will remain OFF. Hence, the output voltage will be X = 5 V (logic 1 level). 

The truth table for the above OR gate circuits is as shown below. 


Truth table 
Inputs Output 
A B x 
ov OV ov 
ov 5V 5V 
5i. = OV 5V 
TVS V 5V 


The IC 7432 contains four two-input OR gates. 


4.4 THE NOT GATE 


A NOT gate, also called an inverter, has only one input and, of course, only one output. 
It is a device whose output is always the complement of its input. That is, the output of 
a NOT gate assumes the logic 1 state when its input is in logic 0 state and assumes the 
logic 0 state when its input is in logic 1 state. The logic symbol and the truth table of an 


inverter are shown in Figs. 4.5a and 4.5b, respectively. 
+5V 


Transistor inverter 
(c) 


Fig. 4.5 The inverter. 
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The symbol for NOT operation is '— (bar). When the input variable to the NOT gate 
is represented by A and the output variable by X, the expression for the output is X = X. 
This is read as “X is equal to A bar”. 

A discrete NOT gate may be realized using a transistor as shown in Fig. 4.5c. The input 
to the gate may be 0 V or + $ V. When A — 0 V, transistor T is reverse biased and, therefore, 
remains OFF. As no current flows through R, no voltage drop occurs across R. Hence, 
the output voltage X = + 5 V. When the input A = +5 V, T is ON and the output voltage 
X = V. = 0 V. The truth table for the NOT gate circuit is as shown below. The IC 7404 
Contains six inverters. 


Truth table 
Input Output 
A x 
0v 5v 
NECI TT NV NN 


Logic circuits of any complexity can be realized using only AND, OR and NOT gates. 
Logic circuits which use these three gates only are called AND/OR/INVERT, i.e. AOI logic 
circuits. Logic circuits which use AND gates and OR gates only are called AND/OR, i.e. AO 
logic circuits. 


4.5 THE UNIVERSAL GATES 


Though logic circuits of any complexity can be realized by using only the three basic gates 
(AND, OR and NOT), there are two universal gates (NAND and NOR), each of which can 
also realize logic circuits single-handedly. The NAND and NOR gates are also, therefore, 
called universal building blocks. Both NAND and NOR gates can perform all the three basic 
logic functions (AND, OR and NOT). Therefore, AOI logic can be converted to NAND 
logic or NOR logic. 


NAND means NOT AND, i.e. the AND output is NOTed. So, a NAND gate is a combination 
of an AND gate and a NOT gate (Fig. 4.62). The expression for the output of the NAND 


therefore, be written as X = ABC ... and is read as "X is equal to A - B : C 


Inputs Output 


Tm Truth table 


A X=AB A B x 
= 0 0 1 
B 0 1 1 
A two-input NAND gate (fane 1 
(Logic symbol) 1 1 0 


(a) (b) 
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whole bar." The output is logic 0 level, only when each of the inputs assumes a logic 
4f or any other combination of inputs, the output is a logic 1 level. The truth table 


| level. F r input 
UA NAND gate is shown in Fig. 4.6b. 
o! The logic symbol and truth table for a three-input NAND gate are shown in Figs. 4.7a 


and 4.7b, respectively. 


Truth table 
— hps Output 


Logic symbol 
(a) (b) 
Fig. 4.7 A three-input NAND gate. 


oo» 
a22320000/> 


ʻa- 00-000 
2o020202oJo 
ona 2222 3/[% 


Looking at the truth table of a two-input NAND gate, we see that the output X is | 
when either A = 0 or B = 0 or when both A and B are equal to 0, i.e. if either A = 1 or 


B = 1 or both A and B are equal to 1. Therefore, the NAND gate can perform the OR 


Sal z 3 à 
function. The corresponding output expression 15, X =A + B. So, a NAND function ca 


i i i . Thus, 
also be realized by first inverting the inputs and then ORing the cp wis wal , 
NAND gate is a combination of two NOT gates and an OR gate lose ies £ D: H 
from Figs. 4.6a and 4.8a, we can express the output of a two-inpu 


X-AB-A-*B 


Truth table 


SS ee 
Inputs inverted Inputs Output 
A.B a AB x 
a A+B q te 
A+B =A+B 0 
Kar Bog E pe quiam 1 
ch 4i «orem m1 1 
Anais ALDA 0 
piu Ae 
B 


(b) 
(a) 


Fig. 4.8 Bubbled OR gate. 


1 ate. So, a NAND 
The OR gate with inverted inputs (Fig. 4.82) is Pw S prora a 4.8b. A bubbled 
gate is equivalent to a bubbled OR gate whose truth table is sumes the HIGH state even 
OR gate is also called a negative OR gate. Sus iS oen E active-LOW OR gate. 
if any one of its inputs is 0, the NAND gate 1S also ca 
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A discrete two-input NAND gate is shown in Fig. 4.9a. When A 
+ 5 V, both the diodes D1 and D2 are OFF. The transistor T gets enou 
the supply through R and, therefore, T is ON and the output X = V, 
A= 0 V or B 7 0 V or when both A and B are equal to 0 V, the tran 
therefore, output = 5 V. The truth table is as shown in Fig. 4.9b. 


=+5 Vand Bia 
gh base drive from 
ce(sat) ^ 0 V. When 
sistor T is OFF and, 


+5V 
D1 Truth table 
A X Inputs Output x] >- X 
A B X (c) NAND gate as an inverter 
B T ov ov  5V 
02 OV 5V SV 
5V OV 5v X x 
ar 5V 5v ov mD X 
(a) Discrete NAND gate (b) (d) NAND gate as a controlled inverter 


Fig. 4.9 Discrete two-input NAND gate. 


The IC 7400 contains four two-input NAND gates; the IC 7410 contains three three- 
input NAND gates; the IC 7420 contains two four-input NAND gates; and the IC 7430 
contains one eight-input NAND gate. 

A NAND gate can also be used as an inverter by tying all its input terminals together and 
applying the signal to be inverted to the common terminal (Fig. 4.9c), or by connecting all its 
input terminals except one, to logic 1 and applying the signal to be in 
terminal as shown in Fig. 4.9d. In the latter form, it is said to act as 


The NOR gate 


verted to the remaining 
a controlled inverter. 


NOR means NOT OR, i.e. the OR output is NOTed. So, a NOR gate is a combination of 
an OR gate and a NOT gate (Fig. 4.10a). The expression for the output of the NOR gate is, 
X= A+B+C+ ... and is read as "X is equal to A plus B plus C plus . . . whole bar." 


* output is logic 1 level, only when each one of its inputs assumes a logic 0 level. For 
other combination of inputs, the output is a logic 0 level. The truth table of a two-input 
NOR gate is shown in Fig. 4.10b. 
> A 


ie — mute 
Inputs Output 


AM 
B 
.. Atwo-input NOR gate (logic symbol): 
Peter 225; h 7 


(— Fig. 4.10 A two-input NOR gate. 
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The logic symbol and truth table for a three-input NOR gates are shown in Figs. 4.1 1a 
and 4.11b, respectively. 


Truth table 
Inputs Output 

Anab, C X 

0970] 0 1 

0 0 1 0 

0 1 0 0 

0141 1 0 

L0] 0 0 

- 1 0 1 0 

A X=A+B+C TO 
c 1 1 1 0 


Logic symbol 
(a) (b) 


Fig. 4.11 A three-input NOR gate. 


Looking at the truth table of a two-input NOR gate, we see that the output X is 1 only 


i A and B are equal to 1. That means, 
B are equal to 0, i.e. only when both A an | 
per i pen. Xam an AND gate with inverted inputs and the corresponding gu 
ession is, X = A B. So, a NOR function can also be realized by first inverting the puts 
adem ANDing those inverted inputs. Thus, a NOR gate is a died pus i 
gates and an AND gate (see Fig. 4.12a). Hence, from Figs. 4.10a and 4.12a, 


that the output of a two-input NOR gate is, X = A + B-AB. 


Truth table 
Inputs "Inverted inputs Output 
A B A B X 
A BAB ILL 
0 0 1 1 à 

s AB Ole ak 1 0 
ee iic: 
i MEAT Uno RUE UL 

E (b) 


Fig. 4.12 Bubbled AND gate. 


: led AND gate. So, a 
The AND gate with inverted inputs (Fig. 4.123) is He snm amni Adal. 
NOR gate is equivalent to a bubbled AND gate whose es Buried oe HIGH 
A bubbled AND gate is also called a negative AND gate. I is also called an active-LOW 
state only when all its inputs are in LOW states, a NOR ga M 
Bep. cd «rig. 413a, When A =0 V and B — 0 V, bo 
a a RS auge MÉÜÉ xxm through R and, therefore, no ME: 
transistors T1 and T2 are OFF; so, no current p V (logic 1). When either 
drop occurs a R. Hence, the output A E vem E i the corresponding 
A=+5Vor B=+5 V or when both A an 


98 Fundamentals of. Digital Circuits 


transistor Tl or T2 or both Tl and T2 are ON. Therefore, X is at Vi. With respect to 
ground and equal to 0 V. (logic 0). The truth table shown in Fig. 4.13b. 
The IC 7402 contains four two-input NOR gates; the IC 7427 contains three three- 


in 
NOR gates; and the IC 7425 contains two four-input NOR gates. d 


+5V 


Truth table 
T2 Inputs Output 
A B X 
B ov ov 5V 
OV 5v ov 
5V ov ov 
= 5M 5v ov 


(a) Discrete NOR gate (b) 


(c) NOR gate as an inverter (d) NOR gate as a controlled inverter 


Fig. 4.13 Discrete two-input NOR gate. 


A NOR gate can also be used as an inverter, by tying all its input terminals together and 
applying the signal to be inverted to the common terminal (Fig. 4.13c) or by connecting all 
its input terminals except one to logic 0, and applying the signal to be inverted to the 


remaining terminal as shown in Fig. 4.13d. In the latter form it is said to act as a controlled 
inverter. 


4.6 THE EXCLUSIVE-OR (X-OR) GATE 


An X-OR gate is a two input, one output logic circuit, whose output assumes a logic 1 state 
when one and only one of its two i 


1 t nputs assumes a logic | state. Under the conditions when 
both the inputs assume the logic 0 state, or when both the inputs assume the logic 1 state, the 
. output assumes a logic 0 state. 
... Since an X-OR gate produces an output 1 only when the inputs are not equal, it is called 
an anti-coincidence gate or inequality detector. The output of an X-OR gate is the modulo 
its two inputs. The name Exclusive-OR is derived from the fact that its output is a 
exclusively one of its inputs is a 1 (it excludes the condition when both the 
bm. 
cy and truth table of a two-input X-OR gate are shown in Figs. 4.14a and 
y. If the input variables are represented by A and B and the output variable 
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ssion for the output of this gate is written as X = A ® B = AB + AB and 
«X'is equal to A ex-or p" 


Le dine 


read as 


Truth table 
Inputs Output 
X=A@B 


B 
@B 
A X=A 1 1 — 
B - : Input B 
B 
1 0 
Logic symbol a r 


=- 00| 


1 


(a) (b) (c) X-OR gate as an inverter 


Fig. 4.14 Exclusive-OR gate. 


i i iables are to 
ore variable X-OR gates do not exist. When more than two varial 
B prs E number of two-input X-OR gates will be used. The X-OR of a number of 
x i bles assumes a l state only when an odd number of input variables assume a 1 state. 
n^ X-OR gate can be used as an inverter by connecting one of the two input terminals 
to dae 1 and feeding the input sequence to be inverted to the other MN pic i 
i i it is a 0, the output is, 0 ® 1 = 1, and if the input bit is a 1, 
PE LANI ET [es X-OR gate can be used as a controlled 
is, 1 ® 1 = 0. In fact, we can say that an X- g : € 
ee pe is, one of its inputs can be used to decide whether the signal at the other input 
, > 
i inverted or not. . ; 
Hi pon IC 7486 contains four X-OR gates. The CMOS IC 74C86 contains four X-OR 


gates. High speed CMOS IC 74HC86 contains four X-OR gates. 


4.7 THE EXCLUSIVE-NOR (X-NOR) GATE 


-NOR gate is 
An X-NOR gate is a combination of an X-OR gate and a E e" en both the 
a two input, one output logic circuit, whose output dea CM tate. The output assumes à 
inputs assume a 0 state or when both the inputs assume a m : : eaaa. called 
0 state, when one of the inputs assumes a 0 state and the ef = coincide. It can be used 
a coincidence gate, because its output is 1 only foes ts PUE are equal. 
as an equality detector becausc it outputs a 1 only dones ate are shown in Figs. 4.15a 
The logic symbol and truth table of a two-input X- i ah A and B and the output 
and 4.15b, respectively. If the input variables are vei written as 
variable by X, the expression for the output of this gate 
ee c AB 
AA OID mAB A B=: A'O B= AB + A 
“Xi -nor B”. iables are to be 
and Ded bs PU Un ed do not exist. When P Rubr eres ACER 
RNO Radia number olimocingnt Bae me mo (including zero) of input variables 
Variables assumes a 1 state, only when an € 
assume a 0 state. 
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An X-NOR gate can be used as an inverter by connecting one of the two input terminals 
to logic 0 and feeding the input sequence to be inverted to the other terminal as Shown in 
Fig. 4.15c. If the input bit is a 0, the output is, 0 © 0 = 1, and if the input bit is a 1, the 
output 1 © 0 = 0. In fact, we can say that an X-NOR gate can be used as a controlled 
inverter, that is, one of its inputs can be used to decide whether the signal at the other input 
will be inverted or not. The X-NOR gate can be used as a comparator too. 


Truth table 
| imus — Oupu 
| A B  X-AOB 
A X-AGB 0 0 1 
9 1 0 Input X = Input 
B 1 0 0 
Logic symbol 1 1 1 0 jo» 


(a) (b) (c) X-NOR gate as an inverter 


Fig. 4.15 Exclusive-NOR gate. 


The X-NOR of two variables A and B is the complement of the X-OR of those two 
variables. That is, 


AOB-AGB 


But the X-NOR of three variables A, B and C is not equal to the complement of the X-OR 
of A, B, and C. That is, 


AOBOC-AOBOC 
However, the X-NOR of a number of variables is equal to the complement of the X-OR of 
those variables only when the number of varial 


bles involved is even. 
The TTL IC 74LS266, the CMOS IC 74C266 and the high speed CMOS IC 74HC266 
contain four each X-NOR gates. 


4.8 INHIBIT C 
ms m IT CIRCUITS 


AND, OR, NAND, and NOR gates can be used to 
gnal through to the output. This is shown in Fig. 


gates are inhibited, they produce a constant LOW 


AND and OR gates produce a constant HIGH output in the 


ee 
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ENABLE INHIBIT 
Fence REA xd nan. x«o 
TES eee B=0 
B= 
=A Tish a1 
TESA S Wo am e 
B=1 E 
= dg ee X21 
DEER X"^npm. Ee 
X=A = Xz0 
TOSS i 3) »—-uwu- B=1 
B=0 


Fig. 4.16 Enable and inhibit circuits. 


here will be many situations in digital circuit design, where the passage of - e 
i * e: either enabled or inhibited depending on the conditions present at one o 
sign: 


control inputs. 
BtA the corresponding logic 
B = AB + AB and construct 
EXAMPLE 4.1 Show that A € 
diagrams. 


Solution 


The truth tables constructed below show t 
diagrams are also shown. 


hat A ® B = AB + AB. The corresponding logic 


A B A@B SS BOIE ee ee 
0 0 gra TM 0 1 

i 1 1 oa ie 1 1 

i 0 1 Nie s» 9 2 0 o 

1/1 0 Ee o ——— 


AB*AB 


XAM) get dA 
AB B+AB. Also, construct 
EXAMPLE 4.2 Show that A @ B= AB+ AB= AGB - ABt 


the corresponding logic diagrams. 
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Solution 


The truth tables constructed below show that A © B = AB + 
The corresponding logic diagrams are also shown. 


| 


m» 
d 
[o] 
© 
(i 
> 
è 
+ 
1 
& 


»1 | oi 


A AB 


EXAMPLE 4.3 Show that (A + B) AB is equivalent to A 6 B. 


Solution 
The truth tables constructed below show that (A + B) AB = A 6 B. The logic diagrams 
are also shown. 
ne eS 
A B A®B A B A+B AB AB —(A*ByAB) 
0 0 0 0 0 0 0 1 0 
dej 1 02 a 1 0 1 1 
1 0 1 10 1 0 1 1 
dE o a £1 1 1 0 0 
BR OHARERA Ax ERA O I 8bA - UA O 
A A+B 
A ASB m B (A+ B(AB) 
B= A 
B ^c AB 


EXAMPLE 4.4 Derive a logic expression that equals 1 only when the two binary numbers 
By have the same value, Draw the logic diagram and construct the truth table 


| BB, have the same value when their MSBs (A, and B,) coincide 
, oo) coincide. So, we must AND the coincidence (A, © Bj) with 

ired logic expression is (A, © B,) (Ay © By). 
below. Four variables can combine in 16 ways. 


Dee m 
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3 n Ae AOB, AOB, COB NAO Ra) 
Lee Se ar 
ee oan j : 0 
Ds. T : 0 
oe «gh d 9 ° 0 
P$ u Bei 1 1 
0 
ee vu ; 
eaa E 1 0 
1 n0 OL E s D 0 T 
MOS d , : 1 Bi 
T 0 m0 i 0 A 
dro en Yt 1 p 0 
q^ T" (0m 107 OmU E 0 ^ 
1 1 0 1 0 D B, 
0 0 o 
dte aire Ao. 5 1 
TS S d : 


X= (A; © B) (A, © By) 


EXAMPLE 4.5 Show that AB + (A + B) is equivalent to A © B. 


Solution i 
The truth tables constructed below show that AB * (A * B)=A OB. 


0 uoto e e e uet aa S 


B AB A+B AB*A*B 


A B A* : : 
0 0 0 0 
0 
Ee Dos i vest ud 7 
a 0 WP CONG g à 1 
A mee prie uie de 
A+BN A+B = 
2s AB+A+B 
A AGB rat B 
B n AB | 
B 


3 Ssions. 
EXAMPLE 4.6 Find the logical equivalent of the following expre 


90 
(a) A 6 0 (A91 iens 
(d) AO 1 (ub Oe | 
Solution - - 
(4) A 6 0 EN -A1rA.07^47272 
(b A9 1 -A.T EA gabs BolT h^ 07 
()AO0-X.0*A.0- À.1*A.07^ A=A 
('A'O 1 =A.T+A.1=A.0+A.1-0F 
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A 


Ot AETA 


1.A+0.A=A+0 


©1lOA=1.A+T. 
A+0 ÜCACETOX 


(0062-20.7 


>| >| 
D] 
I 


EXAMPLE 4.7 Determine which of the following expressions are equivalent oA @BR and 
which to A © B ? 


(a) A@B (D A OB (c) A@B 
(d A OB () AO B ( AO B 
Solution 

(9) A®@B=AB+AB = AB+AB =A OR 

() A©B=AB+AB =AB+AB =A OR 

(c) A® B=AB+AB=AB+AB-A@B 

(d A © B= AB+ AB=AB +AB-=AOR 

() A ® B=AB +AB=AB+AB-A OR 

(0A O0 B=aB+AB=AB+AB=A@B 


4.9 7400-SERIES INTEGRATED CIRCUITS 


There are a number of logic families. The logic gates discussed so far and many other logic 
Circuits, are available in each one of those logic families. Each logic family has its own 


merits and demerits. Logic families are discussed in detail in Chapter 11. 
TTL (Transistor-Transistor-Logic) is the most popular of the | 


| ANSI/IEEE STANDARD LOGIC SYMBOLS 


EOM ISBN | used to represent logic gates in this chapter have been in use for many years 
ae , no doubt, continue to be used. However, a new standard issued jointly by the 


7408 quad two-input 


7404 hex inverter 


ee _ 


AND gate 
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10 quad exclusive-NOR 
ib 4 ) gate 


486 exclusive-OR 
4 ei ees) gate 


Fig. 4.17 TTL Integrated-circuit logic gates. 
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American National Standards Institute (ANSI) and The Institute for El 
Electronics Engineers (IEEE) is now being used by many industries and ma 
electronic devices. It is called the ANSI/IEEE standard. Instead of using disti 
for various types of gates, the new standard depicts all gates in rectangular Outlines. 
Characters called qualifying symbols are placed inside the rectangular outlines to indicate the 
type of logic operations performed. Figure 4.18 shows the traditional and ANSI/IEEE 


ectrical ang 
nufacturers of 
nctive symbols 


Traditional symbol 


ANSI/IEEE symbol 


A 
(a) AND Gate Ag ^ 25 
B B 
(b) OR Gate. 2 ATB A 
B 
(c) NOT Gate A +o 
A 
(d) NAND Gate AB 
B 
A 
(e) NOR Gate A*B 
B 
(f) X-OR Gate 


Fig. 4.18 ANSI/IEEE standard symbols. - 


logic gates. Gates with more than two inputs are simply drawn with 
as in the traditional notation. The direction of signal flow is assumed 
right, i.e. inputs on the left and outputs on the right. So, no arrowheads 
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| ‘&’ represents the AND operation, The s 


h ymbol *2]' Tepresents the OR 
ymbol ‘1° with a triangle drawn at the output 


represents inversion. The NAND 
ration. anes 


ope NOR gates are represented by combinations of AND, OR, and INVERT symbols. The 
nd 


s the symbol ‘= 1’ drawn inside, since the output is a 1, if 
a 1. Since the coincidence or X-NOR function is the complement of the 
` can be depicted as a ‘= 1” gate with inverted output. It is also represented by the 
XOR TENE thereby that the output is a 1, if both inputs are equal (i.e. both 0 or 
symbol ^ 


1). EEE logic symbols for integrated circuits containing multiple gates are drawn 

Hd ku on top of each other, one rectangle for each gate. Figure 4.19 shows the 
b (pe ES for each of the 7400-series integrated circuit chips whose pin diagrams are 
AN! 


shown in Fig. 4.17. 


and only if exactly 


SSDS 


7427 triple three-input 
NOR gate 


2$ 


7408 quad two-input 
AND gate 


74810 quad 
X-NOR gate 


s ICs. 


7486 quad 


7400 quad two-input X-OR gate 


NAND gate 


Fig. 4.19 ANSI/IEEE symbols for 7400 serie 


bols to impl: 
EXAMPLE 4.8 Draw a logic diagram using ANSI/IEEE standard sym 
function 


ement the 


X = (A + B) (CD) (E * F)G 


Solution Gp. E«F and G. Now, 

"" B CODEER ano uU. 
The given expression is ANDing of four functions: vh E + F is NORing of E A 
^ + B is ORing of A and B; CD is NANDing of C IEEE symbols is shown in Fig. 4.20. 
F; G is inversion of G. The logic diagram using ANSV/IE 
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Fig. 4.20 Logic diagram (Example 4.8). 


EXAMPLE 4.9 Drawa logic diagram using ANSI/IEEE standard symbols to implement the 
function 


X= (A 6 B) (C © D) + (A © B) (c e p) 
Solution 


A G B is the output of an X-OR gate. C O D is the output of an X-NOR gate. (A ® B) 
(C © D) is the output of an AND gate whose inputs are (A ® B) and (COD).AOB 
is the output of an X-NOR gate and C @ D is the output of an X-OR gate. (A © B) 
(C © D) is the output of an AND gate whose inputs are (A © B) and (C 6 D). Finally, 
(A 6 B) (C © D) + (A © B) (C ® D) is the output of an OR gate whose inputs are 
(A ® B) (C © D) and (A © B) (C ® D). The logic diagram is shown in Fig. 4.21. 


(A®B) (COD) 


ee 
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ja PULSED OPERATION OF LOGIC GATES 

jority of applications, the inputs to a gate are not Stationary levels, but are voltages 
In a maj e frequently between two logic levels and can be Classified as pulse waveforms, 
that pr m look at the operation of all logic gates discussed till now with pulsed 
We wi s. All the logic gates obey the truth table Operation, regardless of whether the 
ee constant levels or pulsed levels. The timing diagrams of various gates for different 
inpu 


ts are shown in the following examples. 
inp 


XAMPLE 4.10 For a two-input AND gate, determine its output waveform in relation to 
Rom waveforms of Fig. 4.22a. 


Jom p 

T 1 4 A x 
b eee See MIN E 
MSN I- — 
Jg == 


High 
€) X Low 


Fig. 4.22 Example 4.10. 


Solution 


In the interval 4j, A is HIGH and B is HIGH, so X is HIGH. 
In the interval £j, A is LOW and B is HIGH, so X is LOW. 

In the interval ^, A is LOW and B is LOW, so X is LOW. 

In the interval ¢,, A is HIGH and B is Low, so X is LOW. 
The output waveform X is shown in Fig. 4.22b. 


dM ied to a 
EXAMPLE 4. If the three waveforms A, B, and C shown in Fig. 423s are E 
three-input AND gate, determine the resulting output waveform. 
Solution 


The output waveform X is shown in Fig. 4.23b. 


High 


High 

(a) P Low 
High 

© Low 
High 

x "gg 

€) 7 Low 


Fig.4.23 Example 4.11. 


z te in relation 
EXAMPLE 4.12 Obtain the output waveform of a two-input OR ga 
^ and B shown in Fig. 4.24a. 


to its inputs 
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Solution 


In the interval 4, A is HIGH and B is LOW, so X is HIGH. 
In the interval 4, A is LOW and B is HIGH, so X is HIGH. 
In the interval 4, A is HIGH and B is HIGH, so X is HIGH. 
In the interval £j, A is HIGH and B is LOW, so X is HIGH. 
In the interval 4, A is LOW and B is LOW, so X is LOW. 
The output waveform is shown in Fig. 4.24b. 


Fig.4.24 Example 4.12. 


EXAMPLE 4.13 Fora two-input OR gate, determine its output waveform in relation to the 
inputs A and B shown in Fig. 4.25a. 


Solution 


The output waveform is shown in Fig. 4.25b. 


Fig.4.25 Example 4.13. 


EXAMPLE 4.14 Fora three-input OR gate, determine its output waveform in proper 
relation to the inputs A, B and C shown in Fig. 4.26a. 


Solution 
The output waveform is shown in Fig. 4.26b. 
x / | 


ee 
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TT e velar shown in Fig. 4.27a is applied to an inverter, what is the 
EE in output waveform? 
Solution 


inverter is the complement of its input. 


f an f 
The Sec tp A is HIGH, so X is Low. 
s E interval t, A is LOW, so X is HIGH. 
n 


i X is LOW. 
interval ^, A is HIGH, so 
r T- ie 5 A is LOW, so x is. HIGH. 
T output waveform is shown in Fig. 4.27b. 


A 
(Ned fuo UT t A Sox 
High 
0) x fish Erlass icbus 


Fig. 4.27 Example 4.15. 
EXAMPLE 4.16 If the waveform shown in Fig. 4.28a is applied to an inverter, determine 
the resulting output waveform. 


Solution 


The output waveform is shown in Fig. 4.28b. 


Fig.4.28 Example 4.16. 
: ar 
EXAMPLE 4.17 The waveforms A and B shown in Fig. 4.29a are applied to a two-inpu 
NAND gate. Determine the output waveform. 
Solution 


e tput waveform 
The Output of a NAND gate is LOW only when all its inputs are HIGH. The outpu 
is shown in Fig. 4.29b. 
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EXAMPLE 4.18 The waveforms A, B and C shown in Fig. 4.30a are applied to a three. 
input NAND gate. Determine the output waveform. à 


Solution 
The output waveform is shown in Fig. 4.30b. 


High 
hee ied qM 


(a) High 
B Low 
High 

© kow 


CNN MENS qe ruo d 
Da E qp Lea 


Fig. 4.30 Example 4.18. 


EXAMPLE 4.19 The waveforms A and B shown in Fig. 4.31a are applied to a two-input 
NAND gate. Determine the output waveform. 


Solution 


The output waveform is shown in Fig. 4.31b. In this case, the two inputs of the NAND 
gate are never HIGH simultaneously. So, the output is never LOW. It is always HIGH. 


High 
A 
[2 Er 


High 
B Low 


High 
(b x tos 


Fig. 4.31 Example 4.19. 
EXAMPLE 4.20 For the two-input NAND gate operating as a negative OR gate, determine 
the output waveform when the input waveforms A and B are as shown in Fig. 4.32a. 
The output of an active-LOW OR gate is HIGH, if either A is LOW or B is LOW or both 
A and B are LOW. The output waveform is sliown in Fig. 4.32b. 


High 
A ^ Low 

! EAMES ae RENE: B 
EN LL Ll 


Fig. 4.32 Example 4.20. 
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421 For the three-input NAND gate operating as a ne 


Bative OR gate, determi 
rm when the input waveforms A, B and C ar Bi letermine 


E XAMPLE e as shown in Fig. 4.33a, 


ihe output wavefo 
Solution 


t of 
The output | 
waveform is shown 
simultaneously. So, 


M^ ^ [1 | 
Au a) il nem mE 


an active-low OR gate is HIGH, even if one of its inputs is LOW. The output 
in Fig. 4.33b. In this case, at no time, all the 3 inputs are HIGH 
the output is never LOW, it is always HIGH. 


High A 5 
(a) B Low B 
c 
c High 
Low 


i) == SEHE E: 


DNE 


Fig. 4.33 Example 4.21. 

EXAMPLE 4.22 If the waveforms A and B shown in Fig. 4.34a are applied to a two-input 
NOR gate, determine the resulting output waveform. 

Solution 


The output of a NOR gate is HIGH only when all its inputs are LOW. The output waveform 
is shown in Fig. 4.34b. 


High 


(a) 
High 
B Low 
( X High 


Low 


Fig. 4.34 Example 4.22. 


EI e ied to a three- 
EXAMPLE 423 If the waveforms A, B and C shown in Fig. 4.332 are cepe 
input NOR gate, determine the resulting output waveform. 
Solution 


The Output waveform is shown in Fig. 4.35b. 


MU lied 
EXAMPLE 4.24 The waveforms A and B shown in Fig. 4.362 are apple 
ND gate. What is the output waveform? 
Solution 
The Ni 
HIGH, 


to an active-LOW 


a active-LOW AND gate is 
m is shown in Fig. 4.36b. 


OR gate is an active-LOW AND gate. The oe cae 
only when all its inputs are LOW. The outpu 
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Fig.4.35 Example 4.23. 


Fig. 4.36 Example 4.24. 


EXAMPLE 4.5 If the waveforms A and B shown in Fig. 4.37a are applied to a two-input 
- X-OR gate, determine the output waveform. 

Solution 

The output of an X-OR gate is HIGH, only when the inputs are not equal. The output 
waveform is shown in Fig. 4.37b. 


Es dur 
vo ORSMIE MN ar Agi] 


(a) 


B tow 
High 
pix ey 


Fig.4.37 Example 4.25. 


M e e m 
426 "IE the threecwaveforms A, B. and..C; shown in Fig. 4.38a, are to be 


determine the output waveform. 


a number of variables is HIGH, only when an odd number of input 
he output waveform is shown in Fig. 4.38b. — 


27 “If the waveforms A and B shown in Fig. 4.39a are applied to a two-input 


the waveform. 
quos mG TU jue 


m mise mus wi 


min 
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Fig. 4.38 Example 4.26. 


Solution 


The output of an X-NOR gate is HIGH, only when the inputs are equal. The output 
waveform is shown in Fig. 4.39b. 


Fig. 4.39 Example 4.27. 


EXAMPLE 4.28 If the waveforms A, B, and C shown in Fig. 4.40a are X-NORed, 
determine the output waveform. 


Solution 


The X-NOR output of a number of variables is HIGH, only when an even number of input 
variables (including 0) are LOW. The output waveform is shown in Fig. 4.40b. 


Fig. 4.40 Example 4.28. 


EXAMPLE 4.29 Determine the output waveform for the circuit shown in Fig. 4.41c, when 
the inputs A and B shown in Fig. 4.41a are applied to it. 
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Solution 


The output waveform Y in proper time relationshi i i 

| i p to inputs A and B is shi i 
Fig. 4.41b. When both the inputs are HIGH, or both the inputs are LOW, the output is iow 
The Output is HIGH only when one of the inputs is HIGH. So, it is an X-OR operati t 
is an anti-coincidence circuit. SR 


Fig. 4.41 Example 4.29. 


SUMMARY 


Logic gates are the fundamental building blocks of digital systems. 
AND, OR and NOT gates are the basic types of gates. The interconnection of gates 
io perform a variety of logical operations is called logic design. 

e A truth me EE all possible combinations of inputs and the corresponding outputs. 

In a positive logic system, the higher of the two voltage levels represents logic 1 and 
the lower of the two voltage levels represents logic 0. 

* In a negative logic system, the higher of the two voltage levels represents logic 0 and 
the lower of the two voltage levels represents logic 1. 

. An AND gate is an all or nothing gate; it produces a 1, only in one case when all its 
inputs are a 1. In all other cases, its output is a 0. 

e An OR gate is any or all gate; it produces a 1, even if one of its inputs is a 1. It produces 
a 0, only when all its inputs are a 0. 

e A NOT gate complements its input. It produces a 1 when the input is a 0 and produces 
a 0 when the input is a 1. 

. A NAND gate is effectively an AND gate followed by an inverter. The output ofa NAND 
gate is a 0, only when each one of its inputs is a 1. It produces a 1 when any of the inputs 
is a 0. It therefore also acts as a negative OR gate. 

Je A NAND gate can be used as an inverter by tying all its input terminals together and 
feeding the signal to be inverted to the common terminal, or by tying all but one input 
terminal to logic | and feeding the signal to be inverted to the remaining terminal. 
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A NOR gate is effectively an OR gate followed by an inverter. It produces a 1 when 
all of its inputs are a 0. It produces a 0 when any of its inputs is a 1. It therefore 
also acts as a negative AND gate. 


A NOR gate can be used as an inverter by tying all its input terminals together and 
feeding the signal to be inverted to the common terminal, or by tying all but one input 
terminal to logic 0 and feeding the signal to be inverted to the remaining terminal. 


NAND and NOR gates are called universal gates. Any circuit of any complexity can 
be realized by using only NAND gates or only NOR gates. 


AND, OR, NAND, and NOR gates can have any number of inputs. 


An X-OR gate is an anti-coincidence gate. It is an inequality detector. It produces a 
1, only when its two inputs are not equal, i.e. when one is a 0 and the other is a 1. 


An X-OR gate can be used as an inverter by connecting one input terminal to logic 
1 and feeding the signal to be inverted to the other terminal. It is a controlled inverter. 


An X-NOR gate is a coincidence gate. It is an equality detector. It produces a 1, only 
when its two inputs are equal, i.e. when both inputs are a 0 or a 1. 


Three or more input X-OR or X-NOR gates do not exist. 


An X-NOR gate can be used as an inverter by connecting one input terminal to logic 
0 and feeding the signal to be inverted to the other terminal. It is a controlled inverter. 


When three or more variables are to be X-ORed or X-NORed, a number of two-input 
X-OR or X-NOR gates may be used. 

All logic gates have only one output. 

AND, OR, NAND, and NOR gates can be used either to enable or inhibit the passage 
of an input signal. 

When AND and OR gates are enabled, the output follows the input exactly. 

When NAND and NOR gates are enabled, the output is the exact inverse of the input 


signal. 
AND and NOR gates produce a constant LOW output when they are in the inhibited 


condition. 
NAND and OR gates produce a constant HIGH output when they are in the inhibited 


condition. 
All logic gates obey their truth table operations regardless of whether their inputs are 


constant levels or pulsed levels. 


QUESTIONS 


What do you mean by a logic gate? Name the basic gates. 
What do you mean by logic design? 

What do you mean by discrete logic gates? 

What is a truth table? 
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5. What do you mean by (a) level logic, (b) positive logic system, and (c) negative logic 
system? 


6. What are the logic levels used in TTL logic system? 

7. Define the function performed by the following gates. (a) AND (b) OR (c) NOT. 

8. What is the only input combination that will produce a HIGH at the output of a six- 

| input AND gate? 

| 9. If one of the inputs to an AND gate is permanently kept LOW, what would be the 

| shape of the output waveform when the remaining inputs are applied? 

10. What is the only input combination that will produce a LOW at the output of a five- 
input OR gate? 

11. If one of the inputs to an OR gate is permanently kept HIGH, what would be the shape 
of the output waveform when the remaining inputs are applied? 

12. An AND gate output always differs from an OR gate output. True or false? 

13. Which logic gate is called (a) any or all gate (b) all or nothing gate (c) inverter? 

14. How is logical addition different from ordinary addition? 

15. How is logical multiplication different from ordinary multiplication? 

16. What is the maximum number of inputs a NOT gate can have? 

17. Name the universal gates. Define the functions performed by them. 

18. What do you mean by (a) bubbled AND gate (b) bubbled OR gate? 


19. What is the only set of input conditions that will produce a HIGH output from a three- 
input NOR gate? 


20. What is the only set of input conditions that will produce a LOW output from a three- 
input NAND gate? 

21. What type of gate is equivalent to a NAND gate followed by an inverter? 

22. What type of gate is equivalent to a NOR gate followed by an inverter? 

23. Which logic gate is called (a) coincidence gate (b) anti-coincidence gate? 
Which gates can be used as inverters in addition to the NOT gate and how? 


25. Give the IC numbers of the following TTL gates: AND, OR, NOT. X-OR, X-NOR, 
NOR and NAND. 


26. What is the maximum number of outputs of any logic gate? 


27. Draw logic diagrams to realize the following expressions: (a) A € B € C € D 
i OBOC. 


the equivalent of an active-LOW input AND gate? 

is the equivalent of an active-LOW input OR gate? 
mean by an active-LOW input gate? — 

you mean by pulsed operation of a logic gate? 


Logic Gates 119 
PROBLEMS 


4.1 Draw the logic symbols and construct the truth tables of the following gates: 
(a) AND (b) OR (c) NAND (d) NOR 
4.1 Show an arrangement to X-OR and X-NOR the inputs A, B, C and D. 
4.3 Draw the logic diagram and construct the truth table for each of the following 
expressions: ^ " 
(a) X- A * B* CD. (b) Y - (AB) (A * B) * EF (c) Z - AB«CD * ABC 


4.4 Draw the logic diagram using the ANSI/IEEE symbols for each of ihe following 
expressions: v "es 
(a) X= A * BC * CD (b) Y = AB (C + D) + EF (c) Z= AB + CD + BCD 


4.5 Draw a logic diagram that implements: 
(a) A = (Y, 0 Y;) (Y © Y) + (Y, © Y, 6 Y) 
(b) A = (X, © X) 6 (X, © Xj) + (X, 6 X) © (X, € Xp) 


4.6. Two square waves, A of 1 kHz and B of 2 kHz frequency, are applied as inputs to 
"e the following logic gates. Draw the output waveform in each case. 


(a) AND (b) OR (c) NAND 
(d) NOR (e) X-OR (f) X-NOR 

4.7 Three square waves A, B and C of frequency 1, 2 and 4 kHz, respectively, are to be 
(a) ANDed (b) ORed (c) Ban 
(d) NORed (e) X-ORed (f) X-NORe 


Draw the resultant waveform in each case. 


Chapter 5 


BOOLEAN ALGEBRA 


5.1 INTRODUCTION 


Boolean algebra is a System of mathemati i 
i matical logic. Any complex logic statem 
expressed by a Boolean function. The Boolean algebra is governed by oe PEE 


capital letters 


system, whereas in ordinary algebra, you can have 
m, s d any number of constants. A variable or 
function of variables in Boolean algebra can assume only two values, either a 0 or a 1, 


whereas the variables or functions in ordinary algebra can assume an infinite number of values. 
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by forming a truth. table. A truth table shows how a logic circuit responds to various 
combinations of logic levels at its inputs. 


5.2 LOGIC OPERATIONS 


The AND, OR and NOT are the three basic operations or functions that are performed in 
Boolean algebra. In addition, there are some derived operations such as NAND, NOR, 
X-OR and X-NOR that are also performed in Boolean algebra. These operations have been 
described in detail in Chapter 3 in the context of logic gates. 

AND Operation 

The AND operation in Boolean algebra is similar to multiplication in ordinary algebra. In fact, 
it is logical multiplication as performed by the AND gate. 

OR Operation 

The OR operation in Boolean algebra is similar to addition in ordinary algebra. In fact, it is 
logical addition as performed by the OR gate. 

NOT Operation 


The NOT operation in Boolean algebra is nothing but complementation or inversion, that is, 
negation as performed by the NOT gate. The NOT operation is indicated by a bar '—' over 


the variable. 

NAND Operation 

The NAND operation in Boolean algebra is equivalent to AND operation plus NOT operation, 
ie. it is the negation of the AND operation as performed by the NAND gate. 

NOR Operation 

The NOR operation in Boolean algebra is equivalent to OR operation plus NOT operation, 
i.e. it is the negation of the OR operation as performed by the NOR gate. 

X-OR and X-NOR Operations 


The X-OR and X-NOR operations on variables A and B in Boolean algebra are denoted by 
A ® B (= AB + AB) and A © B (= AB + A B), respectively. These operations have been 


described in detail in Chapter 3. E 
The X-OR operation is also called the modulo-2 addition since it assigns to each pair 


of elements its modulo-2 sum. 


5.3 AXIOMS AND LAWS OF BOOLEAN ALGEBRA 


Axioms or postulates of Boolean algebra are a set of logical expressions that we accept 
without proof and upon which we can build a set of useful theorems. Actually, axioms are 
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nothing more than the definitions of the three basic logic operations that we have 
discussed: AND, OR, and INVERT. Each axiom can be interpreted as the outcom 


already 
€ of an 


operation performed by a logic gate. 


Axiom |: 0-0=0 Axiom 6: 0+1=1 

Axiom 2; 0-1=0 Axion 7: 1+0=1 

Axiom 3: 1:0=0 Axiom 8: 1+ 1=1 

Axiom 4: 1.121 Axiom 9 : 1=0 

Axion 5: 0+0=0 Axiom 10 : 0=1 
Complementation Laws 


The term complement simply means to invert, i.e. to change Os to Is and Is to Os. The five 
laws of complementation are as follows: 


AND Laws 


Law 1: 
Law 2: 
Law 3: 
Law 4: 
Law 5: 


0,21 
1,20 
If A=0, thn A-1 
If A=1, thn A=0 
A=A 


The four AND laws are as follows: 


Law 1: 
Law 2: 
Law 3: 


Law 4: 


A+0 =A 
A*1-1 
At+A=A 
A+A=1 


ARS32JA MA3008 30 2^2 OMA IMON ? 
change in A of AND or OR Eus There are two 


nu suus ioa 


|0OA*SBSB*A “© 
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This law states that, A OR B is thé same as B OR A, i.e. the order in which the variables 
are ORed is immaterial. This means that it makes no difference which input of an OR gate 
is connected to A and which to B. We give below the truth tables illustrating this law. 


= 2 o ojo 


This law can be extended to any number of variables. For example, 
A+B tT CAB AC+A=C+A+B=B+A +C 
Law 2: A-B=B-A 


This law states that, A AND B is the same as B AND A, i.e. the order in which the variables 
are ANDed is immaterial. This means that it makes no difference which input of an AND 
gate is connected to A and which to B. The truth tables given below illustrate this law. 


This law can be extended to any number of variables. For example, 


A-B-C=B-C-A=C-A-B=B-A-C 


Associative Laws 


The associative laws allow grouping of variables. There are two associative laws. 
Law 1°: °°" (AY'B)*C-A*(B-*€) 


A OR B ORed with C is the same as A ORed with B OR C. This law states that the way 
the variables are grouped and ORed is immaterial. The truth tables given next illustrate this law. 
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A A+B B B+C 
(A+B)+C = c A*(B*C) 
[o A 
A B C A*B (A*B)*C A B C B+C A+(B+C) 
| 0 0 o0 0 0 00 0 0 0 
i 0 0 4 0 1 DEO of 1 1 
k Qum. 0 1 1 0.5 1 iJ 
Ls ee | 1 1 = 0 a 1 1 
* 0720 1 1 Ti 05 «40. 0 1 
T7. 0.41 1 1 T- 10194 "n 1 
IRL IE 1 1 al) 1 1 
eats 74 1 1 eo a] 1 1 


This law can be extended to any number of variables. For example, 
A+(B+C+D)=(A+B+C)+D=(A + B) + (C + D) 
Law 2: (A - B)C = A(B - C) 


A AND B ANDed with C is thé same as A ANDed with B AND C. This law states that 
the way the variables are grouped and ANDed is immaterial. See the truth tables below: 


A B m ) 
AB 
B (AB)C = c BS A(BC) 
c 


A 
A B C AB — (AB) A BEG BC  A(BCO) 
0 0 0 0 0 NEG 0 0 
D. 4 0 0 0 2o 0 0 
Dung er 0 018500 0 0 
ns 1 0 0 = 01% 1 0 
aero} o o 0 1 0 0 0 0 
E E] 0 0 A 004 0 0 
TS ND 1 0 151980 0 0 
X1. 1 i 1 dnd 1 1 


is law can be extended to any number of variables. For example, 
A(BCD) = (ABC)D = (AB) (CD) 


aa Uaec aii 1 
factoring or multiplying out of expressions. There are three 


M dme 


d ! dw basO H XO 


C) Loa. teen ma ealdurs 
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This law states that ORing of several variables and ANDing the result with a single variable 
is equivalent to ANDing that single variable with each of the several variables and then 
ORing the products. The truth tables given below illustrate this law. 


A 
A 
B*C z 
7 AB*C) _ B AB+AC 
A A 
c AC 
ee eee 
A B C B*C A(B*C) A B C AB AC AB*AC 
DITTEZD) 0 0 00 0 0 0 0 
o 70° 1 1 0 0 0 1 0 0 0 
0) T 0 1 0 Oo $9 0 0 0 
UT AY 1 0 =r io qr 00 0 
Té 6 0 0 1. 6, 5 0 0 0 
EE e 1 1 rg 0 1 1 
Ne tied 1 1 ix 0 1. 20 1 
Lee 1 1 ta Y 1 


This law applies to single variables as well as combinations of variables. For example, 
ABC(D + E) = ABCD + ABCE 
AB(CD + EF) = ABCD + ABEF 


The distributive property is often used in the reverse. That is, given AB + AC, we replace 
it by A(B + C); and ABC + ABD by AB(C + D). 

Law 2: A + BC = (A + B) (A +C) 
This law states that ANDing of several variables and ORing the result with a single variable 
is equivalent to ORing that single variable with each of the several variables and then 


ANDing the sums. This can be proved algebraically as shown below. Also, the truth tables 
given next illustrate this law. 


RHS = (A + B) (A + C) 
= AA + AC + BA + BC 
=A+AC+AB+ BC 
=A(l+C+B) + BC 
EA BG (^ 1 ++ B=1+ B= 1) 
=A+BC 
= LHS 


126 Fundamentals of Digital Circuits 


A 
A+ 
c BC 3 
B A+BC of (A + BXA + C) 
A A 
c AFC” 
RIC. let ABC A B C A+B A*C (A+B)(A+C) 
0 0.0 0 0 0010. 0 0 0 
Q0 T0 0 REC | 0 1 0 
Diet or co 0 0 1 0 1 0 0 
0 —b-—t——1 1 s0 HL 1 1 1 
120.599,90. 1 1 0.6 1 1 1 
170) ete: 8.0. 1 1 0" 4 1 1 1 
ed g. Po 1 o T bi 1 1 1 
gta Pa 1 D. 1 1 1 
Law 3: A+AB=A+B 


This law states that ORing of a variable with the AND of the complement of that variable 
with another variable, is equal to the ORing of the two variables. See the truth tables given 
below. 


=300|> 
= oO- ojw 


miene * 
fo Lec souu 
This law can also be proved algebraically as shown below. 
A+ AB- (A + A) (A + B) 
=1-(A+B) 
=A+B 


3H 


Law iir A-A=A 


same value. We are aiy familiar with the following laws: 
=0, then A-A=0-0=0=A 
A=1, fen A-A=1-1=1=A 
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Law2: A+A=A 
IfA=0, thn A+A=0+0 
A> I den Aut A= 1+] =] = 


i 

o 
wow 
> > 
> > 

> 


This law states that ORing of a variable with itself is equal to that variable only. 
complementation Laws or Negation Laws 
There are two complementation or negation laws. 


A 
Law 1: A.A=0 A 0 


This law states that a variable ANDed with its complement is always equal to zero. That 
is, 


It 


IfA=0, then A-1 and A-A=0-1=0 
IfA=1, then A =0 and A-A 


A 
Law2: A+A=1 DD 


This law states that a variable ORed with its complement is always equal to 1. That is, 


If A= 0, then 


=] ad A+A=0+1 
If A — l, then A 


=0 and A+ s osa) 


LI 


>| >l 


Double Negation Law 
This law states that double negation of a variable is equal to the variable itself. That is, 
A=A 
If A = 0, then = 
If A= 1, then = 


Any odd number of inversions is equivalent to a single inversion and any even number 
of inversions is equivalent to no inversion at all. 


Identity Laws 


There are two identity laws. 
Law 1: A- TEA 


This law states that a variable ANDed with 1 is equal to the variable itself. That is, 


ifA=0, then A:1=0:1=0=A f A 
ifA=1, thn A-1=1-1=1=A 1 
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Law 2: A+ftl=1 


This law states that a variable ORed with 1 is always equal to 1. That is, 
ifA=0, ten A+1=0+1=1 A , 
ifA=1, ten A+1=1+1=1 1 


! There are two null laws. 


l 


Null Laws 


i Law 1: A-0=0 


This law states that a variable ANDed with 0 is always equal to 0. That is, 
A 
0 
0 
This law states that a variable ORed with 0 is equal to the variable itself. That is, 


if A — 0, then A+ 0 = 05+ 0=0.= 4 A 
A 
ifA=1, hen A+0=1+0=1=A 0 


Lawl: A+A-B=A 


This law states that ORing of a variable (A) with the AND of that variable (A) and another 
variable (B) is. equal to that variable itself (A). 


ifA=0, ten A -0=0-0 


LI 
So 


ifA=1, then A.0=1-0 


Il 
e 


Law 2 : A+0=A 


Absorption Laws 
There are two laws: 


mdma de 


AEBn AB WAHAB —A B AB A+AB 

TETA 0 0 0 

0 1 <0) 0 

go oe FO duel 

1 1 1 1 
PER - 


T" PORA EHI d ia i 


PES 91A with Oe AT 
"ug An 
“Any term =A ase wended 
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Law 2: A(A+B)=A 


This law states that ANDing of a variable (A) with the OR of that variable (A) and another 
variable (B) is equal to that variable itself (A), 


gestu oc cd athe es 
A A B A+B A(A+B) 
A*B 0 0 0 0 
A Ov mda 0 
5 7 TONO. 4 1 
UE EN 1 


Algebraically, we have 
A(A + B)=A ‘A+A-B=A+AB=A(1+B)=A.1=A 
Therefore, 
A(A + Any term) = A 
Consensus Theorem (Included Factor Theorem) 


Theorem 1: AB +AC+BC=AB+AC 
Proof: LHS = AB + AC + BC 
= AB + AC + BC(A + A) 
= AB + AC + BCA + BCA 
= AB(I + C) + AC(I + B) 
= AB(1) + AC(1) 
=AB+AC 
= RHS 
This theorem can be extended to any number of variables. For example, 
AB + AC + BCD = AB + AC 
LHS = AB + AC + BCD = AB + AC + BC + BCD = AB + AC + BC = AB + AC = RHS 
Theorem 2: (A + B) (A + C) (B+ ©) = (A + B) (A + C) 
Proof: LHS = (A + B) (A + C) (B + C) =(AA + AC + BA + BC) (B+ C) 
= (AC + BC + AB) (B + C) B 
= ABC + BC + AB + BC + AC + ABC = AC * BC + AB 
RHS = (A + B) (A +C) _ 
= AA + AC * BC + AB 
AG + BC * AB = LHS 
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This theorem can be extended to any number of variables, For example, 


(A +B) (A +C) (B € * D) - (A * B) (A +C) 
IHS = (A + B (A + O B+ C) (B & C D) - (a 4 B) (X4 C) 
= (A * B) (A +C) 


Transposition Theorem 


(B * C) 


Theorem: AB * AC - (A * C) (A +B) 
Proof: RHS = (A + C) (A + B) 
=AA +CA +AB+CB 
=0+AC+AB+BC 
= AC + AB + BC(A + A) 
= AB + ABC + AC + ABC 
= AB+ AC 
= LHS 
De Morgan's Theorem 
De Morgan’s theorem represents two of the most powerful laws in Boolean algebra. 


Law 1: A+B=AB 


individual complements. What it means is that the complement of two or more variables 
ORed together, is the same as the AND of the complements of each of the individual 
variables. Schematically, each side of this law can be represented as: 


This law states that the complement of a sum of variables is equal to the product of their 
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It shows that the NOR gate is equivalent to a bubbled AND gate. This has also been shown 
quite simply by truth tables. . 

This law can be extended to any number of variables or combinations of variables. For 
example, 


A+B+C+D+.--=ABCD... 


AB + CD + EFG +--- = AB CD ERG... 


It may thus be seen that this law permits removal of individual variables from under a NOT 
sign and transformation from a sum-of-products form to a product-of-sums form. 


Law 2: AB=A+B 
This law states that the complement of the product of variables is equal to the sum of their 
individual complements. That is, the complement of two or more variables ANDed together, 


is equal to the sum of the complements of each of the individual variables. Schematically, 
we have 


NAND gate 
A+B 
Bubbled OR gate 


AB B 


A+ 
1 
1 
1 
0 


1 
1 
1 
0 


It shows that the NAND gate is equivalent to a bubbled OR gate. This has also been shown 


uite si th tables. 1 r 
y opem ae M to any number of variables or combinations of variables. For 
example, 


COAT a i i 


(AB) (CD) (EFG)... = AB + CD + (EFG) +... 


| DA iabl 
It may also be seen that like law 1, the iaw 2 also permits removal of individual variables 
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from under a NOT sign, and transformation from a product-of-sums forti t 
products form. e UE 


lt may be seen that the transformations 
A+B=AB 
AB=A+B 
can be extended to complicated expressions by the following three Steps: 
l. Complement the entire given function. 


2. Change all the ANDs to ORs and all the ORs to ANDs. 
3. Complement each of the individual variables. 


This procedure is called demorganization. 


EXAMPLES Demorganize (A + B)(C + D) 
Solution 
The given function is (A + B)(C + D) 


Complement the entire function 
Change ANDs to ORs and ORs 
to ANDs 


(A + B) (C + D) 


. + 
Complement the variables cibos 


EXAMPLE 5.2 Apply Demorgan's theorem to the expression AB(CD + EF)(AB + CD) 
Solution 

The given expression is = AB(CD + EF)(AB + CD) 

= AB + CD+ EF + (AB + CD) 
= AB + (CD - EF) + (AB - CD) 


AB + A + AB 


AB + A + AB 
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Break the upper line between AB and A, 
and that between A and AB, and change 
the signs between AB, A, AB. 


Simplify 


Alternatively: 

Break the lower line between 
A and B and change the sign 
between them. 


Simplify a P 
Break the line between A and B, 
and that between B and AB, and change 


the sign between them. 
Additional Theorems 
Theorem 1: OA NA Z= X -f(O Yaa 2) 


This theorem states that if a function containing expressions/terms with X and X is 


multiplied by X, then all the Xs and Xs in the function can be replaced by 1s and Os, 
respectively. This is permissible because, 


X-X-2X-X.1 ad X-X-0-X.0 
Theorem 2: Exact (Nowe: Yeo ante Zim X esf (0, M5 Ys. s:Z) 


This theorem states that if a function containing expressions/terms with X and X is a 
to X, then all the Xs and Xs in the function can be replaced by Os and Is, respectively. 
This is permissible because, 


XX =xX=xX+0 and X+ X=1=X+1. 
Theorem 3: HUCK Sy zur ex c6/1507 Y, ...,:2) + Ken Po. dos su 
Theorem 4: f(X, X , Y, ., Z) - [X * f (0, 1, Y, 2] - [X + f (1,0, Y, .... 2] 


5.4 DUALITY 


We know that in a positive logic system the more positive of Rs axe oe coe 
presented by a 1 and the more negative by a 0. In a negative logic syst by a 1. This 
Positive of the two voltage levels is represented by a 0 and the d is sca Opal 
distinction between positive and negative logic systems is important 
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the positive logic system becomes an AND gate in the neg; 
Positive and negative logics thus give rise to a basic duali 
Changing from one logic system to another, 
àn AND gate becomes an OR gate and an OR gate becomes an AN 
identity, we can roduce a dual identity by changing all 
to “+” signs, and complementing all Os and Ts. 
process. Some dual identities are given below: 


Duais 


Given Expression 


Paane wp= 


»»»-»»-»-»»-oog 
Wi 1 
Bo e 


W»»-o-o-! 
i] 


e 


-A 
10. A - (B - C) = (A - B) - C 
11. A - (B + C) = AB + AC 

12. A(A+B)=A 

13. A-(A-B)=A-B 

14. AB =A « B 

15. (A + B) (A + C) (B +C) 

-  =A+B(A +C) 

46. (A +C) (A + B) = AB+ AC 
17. A+ BC = (A + B) (A + C) 


18. (A + B) (C + D) = AC + 
AD + BC + BD 


19. A+B=AB+AB+AB 


E) = A+ BCDE 


A+(B+C)=(A+B)+C 
A + BC = (A + B) (A + C) 
A+AB=A 
A+A+B=A+B 


A+B=A B 
AB + AC - BC - AB * AC 


AC + AB = (A +B) (A +C) 
A(B + C) = (AB + AC) 


(AB + CD) = (A + C) (A + D) 
(B + C) (B + D) 


AB = (A + B) (A + B) (A + B) 
A[B + (C-D + E)] 
=A-(B+C+D+B8) 


(A+B) (A+ C)-[(A * B * C) 
HABEO s 


ative logic system, and 
ty in all Boolean identities. 
0 becomes 1 and 1 becomes 0. Furthe 
D gate. Given a B, 
‘P signs to “° signs, al 
The variables are not complementa 
Ó— 
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23. ABD + ABCD = ABD (A+B * D) (A € B C & D) 


=(A+B+D) 
A+B) A+B+C). (A 
+ [B(A + B = 1 


25. A + BC(A + BC) = A + BC A-[(B* C) * A-(B* Cj 
, =A-(B+C) 


24. AB * ABC + A(B + AB) = 0 


5.5 REDUCING BOOLEAN EXPRESSIONS 


i imple a form as possible before 
Boolean expression must be reduced to as simpl c 
Fallon because every logic operation in the expression represents a corresponding 
ues of hardware. Realization of a digital circuit with the minimal expression, therefore, 
pape in reduction of cost and complexity and the corresponding increase in reliability. To 
rs Boolean expressions, all the laws of Boolean algebra may be used. The manges 
vei for these reductions are similar to those used in ordinary algebra. The procedure is: 
(a) Multiply all variables necessary to remove parentheses. 
(b) Look for identical terms. Only one of those terms be retained and all others 
-dropped. For example, 


AB * AB * AB * AB - AB 


(c) Look for a variable and its negation in the same term. This term can be dropped. 
For example, 
A-BB-A-0-0; ABCC-AB.0-0 


(d) Look for pairs of terms that are identical except for one pus d be 
missing in one of the terms. The larger term can be dropped. For a 


ABCD + ABC = ABC(D + 1) = ABC - 1 = ABC 


i i more 

(e) Look for the pairs of terms which have the same ere s Ege 

variables complemented. If a variable in one term of such a p vecors 
while in the second term it is not, then such terms can be com! 


term with that variable dropped. For example, 
ABCD + ABCD = ABC(D + D) = ABC - 1 = ABC hs 
JR CAR 
AB(C + D) + AB(C + D) = AB[(C + D) + (C + D)] = AB 


EXAMPLE 5.4 Reduce the expression A[B + C(AB + AC)]. 
Solution 
The given expression is 


A[B + C(AB + AC)] 
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Factor = B(1 + C) (B + D) 


Demorganize AB + AC = A[B + C(AB AC)] Radics = B(B + D) 
= — m Eunice - BB 
Demorganize AB and AC = A[B + C(A + B) (A + cj] Expand Z = ae E! 
Multiply (A + B) (A + C) = A[B + C(AA + AC+ BA 4 BQ) Simplify 
Simplify =A(B + CA + CAC+ GRA + TBC) EXAMPLE 5.8 Show that AB + ABC + BC = AC + BG 


Simplify = A(B+ CA + 0+ CBA + 0) Solution 
Simplify = AB+ACA + ACBA AB + ABC + BC = A(B + BC) + BC 


Simplify =AB+0+0 7 A(B + B) (B + C) + BT 
Simplify = AB = AB + AC + BC 

= AB(C + C) + AC + BC 
= ABC + ABC + AC + BC 
= AC(1 + B) + BC(1 + A) 
=AC + BC 


EXAMPLE 5.5 Reduce the expression A + B[AC + (B + C)D] 
Solution 
The given expression is A + B[AC + (B + C)D] 
Expand (B + C)D = A+ B(AC + BD + CD) 
See Oe * BD+ Cb) ro duBAGe- BBBa.BCD EXAMPLE 59 Show that ABC +B + BD + ABD + AC - B4 C 
Write in order =A + ABC + BD + BDC UT 
Factor = A(1 + BC) + BD(1 + C) ABC +B + BD + ABD + AC = ABC + AC + B(1 + D + AD) 
Reduce =ASI BD ..1 Tu R 
=C(A + AB) +B 

Simplify =A+BD (^ Js E 

7 C(A + A) (A + B) +B 


EXAMPLE 5.6 Reduce the expression (A + BC) (AB + ABC) x =CA +CB+B 
Solution = (B+C) (B+ B)+CA 


The given expression is (A + BC) (AB + ABC) =B+C+CA 
=B+C(1 +A) 


Demorganize (A + BC) = (ABC) (AB + ABC) "m 
[OY = (ABC) (AB + ABC) 
. = ABC AB + ABC ABC 5.6 BOOLEAN EXPRESSIONS AND LOGIC DIAGRAMS 


= AABBC + AABBCC Boolean expressions can be realized as hardware using logic gates. Conversely, hardware 
=0+0=0 can be translated into Boolean expressions for the analysis of existing circuits. 


(B + BC) (B + BC) (B + D) Converting Boolean Expressions to Logic 


The easiest way to convert a Boolean expression to a logic circuit is to start with the oat 
and work towards the input. Assume that the expression AB + A + B + C is to be oa 
using AOI logic. Start with the final expression AB + A + B * C. Since it is a summation 


Œ + BC) (B + BC) (B + D) 
= (BB + BCB + BBC + BCBC) (B + D) 
= (B + BC + 0 + 0) (B + D) 
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of three terms, it must be the output of a three-input OR gate. So, draw an OR gate with 
three inputs as shown below. 


AB+A+B+C 


B+C 


AB must be the output of an inverter whose input is AB. And B + C must be the 
output of an inverter whose input is B + C. So, we introduce two inverters as shown below. 


B*C 
Now AB must be the output of a two-input AND gate whose inputs are A and B. And 


B + C must be the output of a two-input OR gate whose inputs are B and C. So, 
we introduce an AND gate and an OR gate as shown below. 


Converting Logic to Boolean Expressions 


To convert logic to algebra, start with the input signals and develop the terms of the Boolean 
‘expression until the output is reached. Consider the logic diagram shown iilos 


E 
maet cmo 


BOS puny 


33e3 nk9ioo0 == 

/AByCDYC + D + EF +6) 
no2 ol «gw IR 
Ani 
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First label all the inputs. The signals A and B feed the AND gate Gy. The output of this 
ptis therefore, AB. This is the input to NOT gate G}. The output of the NOT gate G, 


ill, therefore, be AB. The C and D are the inputs to AND gate G,. The output of this 
ais is, therefore, CD. The E and F are the inputs to AND gate G;. The output of this gate 


is, therefore, EF. This signal EF is the input to inverter Gs. Its output is, therefore, EF. 
ie input to inverter G; is G. So, its output is G. Now C, D, EF, and G are the inputs 
to OR gate Gg. The output of the OR gate Gg will, therefore, be (C + D + EF + G). This 
is the input to inverter Go. The output of G, is, therefore, (C + D + EF + G). The inputs 
to the AND gate G; are, AB, CD and (C + D + EF + G). The output of G;, which is also 


the output of the logic circuit is, therefore, equal to (AB) - (CD) - (C+D+EF+ o 


EXAMPLE 5.10 Write the Boolean expression for the logic diagram given below and 
simplify it as much as possible and draw the logic diagram that implements the simplified 
expression. 


Solution ^» 
Starting from the input side and writing the expressions for the outputs of the individual 
gates, we can easily show that the 
Output = (A + AB) (B + BC) (C+ AB) , 
7 A(l + B) B(1 + C) (C + AB) B 
= AB(C + AB) B 
= ABC + AB c 
= AB(I + C) i 
= AB 
The logic diagram to realize the simplified expression is just an AND gate shown below. 


A Output = AB 
B 
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EXAMPLE 5.11 Draw the simplest possible logic diagram that implements the Output of th, 
logic diagram shown below. 


D/OR/NOT gates called the AOI logic. In the realization of Boolean expressions, 
* and its complement are assumed to be available. For example, the SOP 


C * AB * ABC can be implemented in A/O logic as shown below. | 


or using A 
the variab 


expression AB 


A 


A 
B 


ABC + AB + ABC 


The POS expression (A + B + C) (B + C) (A + B + C ) can be implemented using 
à . 


— ——— : 
Output = (A + A + B(B +B + C) OR and AND gates as shown below. 


=(A+A+B) +(B+B+C) 


=A -(AFB)+ B- (BPC) 
=A- (A +B)+B- (B+C) 
= AA + AB + BB + BC 
=A+AB+B+BC 

= A(I + B) + B(I + C) 
=A+B 


(A+B+C)(B+C\A+B+C) 


The logic diagram to implement the simplified expression is shown below. 


A Output - A + B 
B 


5.7 CONVERTING AND/OR/INVERT LOGIC TO NAND/NOR LOCIC 


= f in hybrid form as 
The expression ABC + AB [= B(A + AC)] can be implemented in hyl 


shown below. 


ization (from 7 to 6 in 
À mired for realization ( ber of 
tf ier of gate inputs req h different num 

_ Hybrid logic reduces the amper ic. Different inputs pass ugs between input and 
this case), but results in multilevel logi propagation delay 


Bates to reach the output. It leads to non-uniform 
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Output and may give rise to logic race. The SOP and POS realizations give rise to two- Inverters in lines C and D can be removed, if C. and D are replaced by C and D. 
level logic. The two-level logic provides uniform time delay between input and Output Line H received two circles. So, no change is required. 
two gates to reach the Output. So, it does 


digital circuits Which are 
d to either NAND logic 


l. Draw the circuit in AOI logic. 

2. If NAND hardware is chosen, add a circle at the output of each AND gate and 
at the inputs to all the OR gates. 

3. If NOR hardware is chosen, add a circle at the Output of each OR gate and at the 
inputs to all the AND gates. 

4. Add or subtract an inverter on each line that received a circle in steps 2 or 3 so 


that the polarity of signals on those lines remains unchanged from that of the 
original diagram. 


EXAMPLE 5.12. Convert the following AOI logic circuit to (a) NAND logic, and (b) NOR 
logic. 


Using only NAND gates, the logic circuit can now be drawn as shown below. 


Solution 


(a) NAND logic. Put a circle at the output of each AND gate and at the inputs to all 
OR gates as shown below. 


i s to all AND 
(b) NOR logic. Puta circle at the output of each OR gate and at the inputs to a 
Bates as shown below. 


A 
B 


c 


D 
A rj ^ 
of the lines E, F, C, D that received only one circle in the ; B ; h of the lines A, 
4 3 j ed. Add an inverter in each o : se lines rei 
50 that the polarity of these lines Jemains unchang’ : the previous step, so that the polarity of Abel: 
Dany puoi imshin "wai dovolile situa 108: (Sin) sut received two circles. So, no change is req 
Qo mq mimon or abe» pi hluo sii donor o) zariy 


" ircle in 
t received only one circ 
B, F, and I thai mains unchanged. Line G 
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AB * AB 


c 
D NOR logic 


Using only NOR gates, the logic circuit can now be drawn as shown below, Note The A/O gates and AOI gates are available in IC form. A circuit having n AND gates 
is said to be n-wide. The A/O gates in which an additional variable or a combination of 
5 qe can be included in the logic operation are called expandable ates. Some AOI gates 
A oaie A/O gates available in IC form are shown below. 


that the inverter in line B has been removed assuming that B is available, 


c 
D 


Now study the conversion of the following AOI circuit to (a) NAND logic, and 
(b) NOR logic. 


(a) Expandable 4-wide A/O gate (b) 2-wide SD see 
Y =AB + CDE + FG + HI Y=ABCD + 


TO "m m coo» 


(d) 4-2-3-2 AO! gate 


(c) 4-wide, 2-input AOI gate Y 2 ABCD«EF * GHi * UK 


Y=AB+CD+EF+GH 
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Active-LOW Notation 


The logic gates and circuits discussed so far, are called active-HIGH gates and circuits, It 
means that the action represented or initiated by a variable occurs when it is equal to a | 
In some digital circuits, action occurs when one of several inputs is a 0. Such an input is 
said to be an active-LOW input. On logic diagrams, placing the inversion bubble at the point 
where the input signal is connected, shows an active-LOW input. We may regard the bubble 
itself as an inverter. Thus, we can think of a 0 occurring on the external signal line as being 
inverted and producing a 1 internal to the device and vice versa. 

The logic symbols of active-HIGH logic gates, their active-LOW versions, and ANSI/IEEE 
symbols for active-IOW notation are shown below. Note that the NAND gate is equivalent to 
an active-LOW input OR gate. The NOR gate is equivalent to an active-LOW input AND gate. 
The active-LOW symbols (alternate symbols) can be obtained from active-HIGH symbols 
(standard symbols) by inverting each of the inputs and outputs and changing the gates—OR to 
AND and AND to OR. 


Traditonal symbols Traditonal symbols ANSI/IEEE Symbols 
Active HIGH Active LOW Active LOW y 


A = = 
NOT Gate >So d e ERES 
A*B-AB 
A AB A ny Ba 
AND Gate A A*B-AB 
B B E 
A 
CES 
A AB 
T B 
E 
X. » 


A 
B 
R = = 
B 


e ignals can be active-LOW signals or active-HIGH signals. Normally the 
are represented by variables with no bar over them such as CLOCK. 
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A, MEM, etc. whereas the active-LOW signals are represented by variables with bar over 


them such as X, CLR, MEM, etc. The bar simply emphasizes that a particular signal is 
active-LOW. When a signal is in its active state, it is said to be asserted. When it is not in 
its active state, i.e. when it is inactive, it is said to be unasserted. The terms ‘asserted’ and 
'unasserted' are synonymous with ‘active’ and ‘inactive’, respectively. 


Negative logic. The assertion level refers to the signal level necessary to cause an event to 
occur. Till now, we have assumed that logic 1 is 5 V and logic 0 is 0 V. In this notation, 
events occur when inputs are + 5 V, i.e. the assertion level is a 1. This is called positive 
logic, because a | is more positive than a 0. In some systems, it is convenient to define 
the ground level as a 1 and + 5 V as a 0. That means that the assertion level is a 0. That 
is, the level required to do something is a 0. This is called negative logic, because a 0 is 
more negative than a 1. In a negative logic system, the more positive of the two voltage 
levels is represented by a logic 0. An AND gate in the positive logic system becomes an 
OR gate in the negative logic system and vice versa. 

Active-LOW bubbles can be very useful when analyzing logic diagrams, because they 
can be placed in such a way that they effectively cancel out one another. This eliminates 
the necessity for writing numerous inversion bars over compound logic expressions. 


The circuit below implements the expression p (C+ AB)- We can use Boolean algebra 


to show that this expression is equivalent to DC(A + B). 


D(C *A*B) 
D(C +A+B) 


Conventional logic diagram 


The same implementation with active-LOW equivalents by replacing one NOR gate and one 
inverter is shown below. Since consequent inversion bubbles cancel out as shown, it is 
readily apparent in this diagram that the output is DC(A + B). 


C(A + B) 


Logic diagram using active-LOW notation 


T eB 
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5.8 MISCELLANEOUS EXAMPLES 


EXAMPLE $13 Find the values of the two-valued variables A, B, C, and D by Solving the 


set of simultaneous equations. 
A + AB=0 
AB = AC 
AB + AC + CD = CD 


Solution 

Given A +AB=0 
or (A + A) (A + B) - 0 
or ( (A + B)=0 
or A+B=0 
ie. A must be 0 and B must be 0. Therefore, A = 1 and B = 0. 
Also AB = AC 
or 1530/1 «(C 
Therefore C=0 
Also, AB + AC + CD = CD 
or 1-024 - HODET D 
or 1=D 


Matters, the values of A, B, C and Dare A = 1, B = 0,C = 0, and DEL, 
EXAMPLE 5.14 Prove that 


(a) If AG B- 0, thn A- B (b) A®B=A OB 
(c) A®B=A @B=AOB (d OB A=A 

(fe) 1\@A=4 (f ABA=0 
(g) A®@A=1 


ar equal. Therefore, if, A ® B = 0, then A must be equal to B. 
9B =AB+AB 


(a) The X-OR gate is an anti-coincidence gate. Its output is 0 when both the inputs 
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()A0B-A.B*A- B-AB- AB-AGB 
A®B=A-B+A-B=AB+AB=A@B 

~. A®B =A @®B=A@B 

(06A =0-A+0-A =0+1-A=0+A=A 

()10A =1:A+1“A =A+0-A=A+0=A 

()A®A =A-A+A-A=04+0 

(8s) A®A=A-A+K-A=A-A+A-A=-A+4A=-1 


EXAMPLE 5.15 Show that NAND and NOR gates are universal gates. 
Solution 


We know that AND, OR, and NOT gates are the basic building blocks of a digital computer. 
They are called the basic gates. Any digital circuit of any complexity can be built using only 
these three gates. A universal gate is a gate which alone can be used to build any logic 
circuit. So, to show that the NAND gate and the NOR gate are universal gates, we have 
to show that all the three basic logic gates can be realized using only NAND gates or using 
only NOR gates. The diagrams given below show the realization of AND, OR, and NOT 
functions using either only NAND gates or only NOR gates. 


(a) Realization of AND function. ^ ^B = 
using only the NAND gates AB = AB 
B 


(b) Realization of OR function A 
using only the NAND gates = 
AB=A+B 


(c) Realization of NOT function = 
using only the NAND gate A AA=A 


(d) Realization of AND function 4 
using only the NOR gates 


>i 
+ 
wll 
" 
& 


(e) Realization of OR function 
using only the NOR gates 
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EXAMPLE 5.16 Realize the X-OR function usin 
(c) NOR logic. 


Solution 


(a) Using AOI logic: 


(f) Realization of NOT function A A*A-A 
using only the NOR gate 


& (a) AOI logic, (b) NAND logic, ang 
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(c) Using NOR logic: 


- AA + AB + AB + BB 
= A(A + B) + B(A + B) 
= (A * B) (A + B) 
= (A + B)(A + B) 


= (A + B) + (A + B) 


5.9 DETERMINATION OF OUTPUT LEVEL FROM THE DIAGRAM 


The output logic level for the given input levels can be determined by obtaining the Boolean 
expression for the output of the circuit and then substituting the values of the inputs in that 
expression. This can also be determined directly from the circuit diagram by writing down 
the output level of each gate starting from the input side till the final output is reached. This 
technique is often used for troubleshooting or testing of a logic system. This procedure is 
self-evident from the illustration given below. 


The same result can be obtained by writing the output expression and substituting the values 
of the inputs in it. Thus, 


X = (A B ©) (BCD) 
= 0-1-0-0) 


21:0 
=0 


Fundamentals of Digital Circuits 
SUMMARY 


* Boolean algebra is a System of mathematical logic, which uses capital letters 
alphabet to represent variables. Any single variable, or a function of the va 
have a value of either a 0 or a I. 


* In Boolean algebra, there is no subtraction or division. Only logicai addition and logical 
multiplication are performed. There are no fractions or negative numbers in Boolean 


of English 
riables can 


* The AND operation is the same as logical multiplication. The OR operation is the same 
as logical addition, 


* The NOT operation is the same as inversion or complementation. It is represented by 
a bar over the variable. 


* The NAND and NOR Bates are universal gates, as all the three basic functions, i.e. 
AND, OR, and NOT can be realized by using either only the NAND gates or only the 
NOR gates. 


* In universal logic, logic circuits are realized using either only the NAND gates or only 
the NOR gates. 

* The X-OR operation is called the modulo-2 addition operation because it assigns to 
each pair of elements its modulo-2 sum. 

* Axioms or postulates of Boolean algebra are a set of logical expressions that we accept 
without proof and upon which we can build a set of useful theorems. 


* De Morgan's theorem states that the complement of a sum of variables is equal to the 
product of their individual complements, and the complement of a product of variables 
is equal to the sum of their individual complements, 


* De Morgan's theorem allows removal of variables from under a NOT sign. It allows 
transformation from SOP form to POS form. 


* The dual of an expression is obtained by changing ANDs to ORs, ORs to ANDs, 0s 
to Is, and Is to Os. The variables are not complemented. 


* Every logic operation in the Boolean expression represents a corresponding element of 
hardware. 


* For demorganization of an expression, complement the entire function, change all the 
ANDs to ORs, all the ORs to ANDs, and then complement each of the individual 
variables. 

* In realization of Boolean expressions, both the variables and their complement are 
assumed to be available. 

Wai AOE DEC lie cicius ge relie using AND, OR, and NOT gates only. 
* There are two basic forms of Boolean expressions—SOP form and POS form. 
* The hybrid form of realization is a combination of both SOP and POS forms. 
* AJO gates in which an additional variable or a combination of variables can be included 
in the logic operation, are called expandable gates. 
eae kang n AND gates feeding an OR gate is called an n-wide A/O gate. 
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Active-LOW gates and circuits are those in which the action represented or initiated 

by a variable occurs when it is equal to a 0. mii 

Active-HIGH gates and circuits are those in which the action represented or initiated 

by a variable occurs when it is equal to a 1. 

e On logic diagrams, an inversion bubble at the point where the input is connected to 
a gate, indicates an active-LOW input. 4 . 

e An OR gate in the positive logic system becomes an AND gate in the negative logic 

system and vice versa. 

Laws of Boolean Algebra at a glance 


Laws of complementation 0-1 1206 A-A a 
IfA=0, ten A =1; if A=1, then A =0 

AND laws A -0=0; A-1 =A; APAFA "A.A = 0 

OR laws A+0=A; A+1=1; A+A=A; A+A=I1 

Commutative laws A+B=B+A; AB=BA 

Associative laws (A+B)+C=A+(B+C); (AB): C=A- (BC) 

Distributive laws A-(B+C)=AB+AC; A+BC=(A+B)(A+C) 

Idempotence laws A-A=A; AtA=A 

Negation laws A-A=0; A+A=1 

Double negation law A=A 

Identity laws A b= AS A tad 

Null laws A-0=0; A+0=A 

Absorption laws A+AB=A; A(A+B)=A 

Consensus theorem AB + AC + BC = AB * AC 

(Included factor theorem) 

Transposition theorem AB * AC - (A * C) (A * B) 


De Morgan's theorem A+B=A-B; AB=A+B 


QUESTIONS 
1. What do you mean by the following logic operations? 
(a) AND (b) OR (c) NOT (d) NAND 
(e) NOR (f) X-OR (g) X-NOR 


2. What do you mean by axioms or postulates of Boolean algebra? 
3. State and prove commutative, associative, distributive, idempotence, negation, identity, 
null and absorption laws of Boolean algebra. 
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4. 
s. 


6. 
7. 
8. 
9 


10. 
H. 
12. 
13. 


14. 
15. 
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State and prove consensus theorem and transposition theorem. 

State and prove De Morgan's theorem. 

How do you demorganize a Boolean expression? 

How do you obtain the dual of a Boolean function? 

What are the steps followed in the reduction of Boolean expressions? 


What do you mean by (a) active-HIGH gates or circuits and (b) active-LOW Bates or 
Circuits? 


What is (a) AOI logic and (b) universal logic? 
How do you convert AOI logic to (a) NAND logic and (b) NOR logic? 
What are the two basic forms of Boolean expressions? 


From positive to negative logic System, what does an OR gate become and what does 
an AND gate become? 


Show that both NAND gate and NOR gate are universal gates. 


Realize X-OR operation using (a) only NAND gates, (b) only NOR gates, and (c) AOI 
logic. 


PROBLEMS 


Verify by the truth table method. 
(a) A+AB+AB=A+B (b) (A+ B) (A + B)=AB+ AB 
Reduce the following Boolean expressions. 
(a) AABBC (b) ABCBAC (c) A-I-A-A 
(d) ABCAB (c) ABBAC (f) BBBB 
Reduce the following Boolean expressions. 
(a P+Q+P (bF)P+Q+R+P (c)P+Q+R+Rt+R 
(d P*Q*R-*1 (e) 0+P+Q+1 (f P+P+P+P 
Reduce the following Boolean expressions. 
(a) XY + XY + Y + Y (b) XX + YYY (c) XXY + XYY z- 
(d) XY + XYY (e) XY +XY + XY (f) XYZ + YYZ + YZ + XY 
Reduce the following Boolean expressions. ‘tod T 

- YZ) (b) X(YZ + YZ) (c) X(XY + XZ) (d) AAB(ABC + BBC) 


*BB*D)  (b(X*-Y-2)(X-Y-Zx 
BEID aeuo ABC[AB + C(BC + AC)] e 
CD+ ABCDE — (A*B*ABC O 
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(g) BCD + (B+C+D) + BCDE (h) (ABC) (AB) + BC 

(i) (WX + WYXX + W) + WX(X + Y) (j) AB + AC + ABC(AB + C) 

(k) ABC + ABC + ABC + ABC (I) AB + AC + ABC(AB + C) 
5.7 Prove that 

(a) AB+A+AB=0 (b) AB + AC + ABC(AB + C) = I 
(c) AB + ABC + A(B + AB) = 0 (d) AB + A(B + C) + B(B +C) = B + AC 

(c) AB(C + BD) + AB = BC 

(f) ABC + (A+B+C) + ABCD = AB(C + D) 

(g) ABCD + AB(CD) + (AB)CD = AB + CD 

(h) (A + A) (AB + ABC) = AB (i) (AB + AC) (BC + BC) (ABC) = 0 

() ABC + ABC + ABC = AC* AB. (k) A[B + C(AB + AC) = AB 

(l (A + BC) (AB + ABC) = ABC. (m) A+ BC(A+ BC) = A 

(n) ABC(A + B + C) = ABC (0) ABC+AB+BC=AB 
5.8 Apply De Morgan's theorem to each of the following expressions. 

(a) P(Q + R) (b) (P + Q)(R * S) 


(c) (A + B)(C + D) (E+ F)(G + H) (d) (A = B + C + D) (0 + ABCD) 
5.9 Without reducing, convert the following expressions to NAND logic. 
(a) (A + B) (C + D) (b) (A + C) (ABC + ACD) 
(c) (A + BC)D (d) AB + CD(AB + CD) 
5.10 Without reducing, convert the following expressions to NAND logic. 
(a) A+ BC + ABC (b) (XY + Z) (XY + P) (c) (1 + A) (ABC) 
5.11 Without reducing, convert the following expressions to NOR logic. 
(a) X + Y + XY (b (XY +X+X+Y) (c) (1 + A) (AC) 
5.12 Without reducing, implement the following expressions in AOI logic and then convert 
them into (1) NAND logic and (2) NOR logic. 
(a) A+ BC =(A+ BC) +D (D A+BC+B+C+BC 


5.13 Prove that 


(a) If A+B=A+C and A+B=A+C, thn B-C. 
(b) If A+B=A+C and AB- AC, then B=C. 


5.14 Given AB + AB = C, show that AC + AC = B. 


Chapter 6 


THE KARNAUGH MAP 
AND QUINE-McCLUSKY METHODS 


6.1 INTRODUCTION 


We have seen how Boolean expressions can be simplified algebraically, but being not a 
systematic method we can never be sure whether the minimal expression obtained is the 
real minimal. The effectiveness of algebraic simplification depends on our familiarity with, 
and ability to apply Boolean algebraic rules, laws and theorems. The Karnaugh map 
(K-map), on the other hand, is a systematic method of simplifying Boolean expressions. The 
K-map is a chart or a graph, composed of an arrangement of adjacent cells, each 
representing a particular combination of variables in sum or product form. Like a truth table, 
it is a means of showing the relationship between the logic inputs and the desired output. 
Although a K-map can be used for problems involving any number of variables, it becomes 
tedious for problems involving five or more variables. Usually it is limited to six variables. 
An n variable function can have 2" possible combinations of product terms in SOP form, 
or 2" possible combinations of sum terms in POS form. Since the K-map is a graphical 
representation of Boolean expressions, a two-variable K-map will have 2? — 4 cells or 
Squares, a three variable map will have 2? = 8 cells or squares, and a four variable map 
will have 2* = 16 cells, and so on. 

Any Boolean expression can be expressed in a standard or canonical or expanded sum 
(OR) of products (AND)—SOP form—or in a standard or canonical or expanded product 


(AND) of sums (OR)—POS form. A standard SOP form is one in which a number of 
product terms, each one of which contains all the variables of the function either in 
com or non-complemented form, are summed together. A standard POS form is 
one in a number of sum terms, each one of which contains all the variables of the 
| either in complemented or non-complemented form, are multiplied together. Each 
ict terms in the standard SOP form is called a minterm and each of the sum 
standard POS form is called a maxterm. For simplicity, the minterms and 
illy represented as binary words in terms of 0s and Is, instead of actual 
the binary words are formed by representing each por 
by a l and each complemented variable by a 0, and the decima 
word is expressed as a subscript of lower case m, i.c. mo, Mz 
s, the binary words are formed by representing each non- 
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complemented variable by a 0 and each complemented variable by a 1, and the decimal 
equivalent of this binary word is expressed as a subscript of the upper case letter M, i.e. 
Mp, M,, etc. Any given function which is not in the standard form, can always be converted 
to standard form by unreducing, that is, expanding the function. 

A standard SOP form can always be converted to a standard POS form, by treating 
the missing minterms of the SOP form as the maxterms of the POS form. Similarly, a 
standard POS form can always be converted to a standard SOP form, by treating the 
missing maxterms of the POS form as the minterms of the corresponding SOP form. 


6.2 EXPANSION OF A BOOLEAN EXPRESSION TO SOP FORM 
The following steps are followed for the expansion of a Boolean expression in SOP form 
to the standard SOP form: 

1. Write down all the terms. 


2. If one or more variables are missing in any term, expand that term by multiplying 
it with the sum of each one of the missing variable and its complement. 


3. Drop out the redundant terms. 


Also, the given expression can be directly written in terms of its minterms by using the 
following procedure: 


1. Write down all the terms. 
2. Put Xs in terms where variables must be inserted to form a minterm. 


3. Replace the non-complemented variables by 1s and the complemented variables by 
Os, and use all combinations of Xs in terms of Os and Is to generate minterms. 


4. Drop out all the redundant terms. 
EXAMPLE 6.1 Expand A + B to minterms and maxterms. 
Solution 


The given expression is a two-variable function. In the first term A, the variable B is 
missing; so, multiply it by (B + B). In the second term B, the variable A is missing; so, 
multiply it by (A * A). Therefore, 


A+B 


Mo Eg 
| > >| >I 
w v3 
T 

wl 


l 

> 
w 
+ 
> 
w] 
+ 
> 
ie) 


=m + mp + m; 
= E m(0, 1, 2) 
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The minterm m, is missing in the SOP form. Therefore, the maxterm M, will be present 


in the POS form. Hence the POS form is IIM,, ie. A + B. Also, 
AX € XB 

= OX + X0 

= 00 + 01 + 00 + 10 

= 00 + 01 + 10 

7 E m(0, 1, 2) 


>! 
+ 

ul 
D 


EXAMPLE 6.2 Expand A + BC + ABD + ABCD to minterms and maxterms. 


Solution 

The given expression is a four-variable function. In the first term A, the variables B, C, and 
D are missing. So, multiply it by (B + B) (C + C) (D + D). In the second term BC, the 
variables A and D are missing. So, multiply it by (A * A) (D * D). In the third term, ABD, 
the variable C is missing. So, multiply it by (C * C). In the fourth term ABCD, all the 
variables are present. So, leave it as it is. Therefore, 

A = A(B + B) (C + C) (D + D) 
= ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
BC = BC(A + A) (D + D) = ABCD + ABCD + ABCD + ABCD 
ABD = ABD(C + C) = ABCD + ABCD 


or 
A + BC + ABD + ABCD = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
+ ABCD + ABCD + ABCD + ABCD 
= Ms toma + My; + my + my, + mig + my + mg +m, + my 
= E m(4, 5, 8, 9, 10, 11, 12, 13, 14, 15) 


In the SOP form, the minterms 0, 1, 2, 3, 6, and 7 are missing. So in the POS form, the 
maxterms 0, 1, 2, 3, 6, and 7 will be present. Therefore, the POS form is 


II M(0, 1, 2, 3, 6, 7) 


Also, 


A = AXXX = IXXX 
= 1000 + 1001 + 1010 + 1011 + 1100 + 1101 + 1110 + 1111 


> Mg + My + Mig + my + my + my + My + Ms 
BC = XBCX = X10X 
0100 + 0101 + 1100 + 1101 
=m, + ms + my + my 
ABD = ABXD = 11X0 = 1100 + 1110 = m, + m, 
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Dropping out the redundant terms, we get 


A + BC + ABD + ABCD = 5 m(4, 5, 8, 9, 10, 11, 12, 13, 14, 15) 


6.5 EXPANSION OF A BOOLEAN EXPRESSION TO POS FORM 


The expansion of a Boolean expression to the standard POS form is conducted as follows: 
1. If one or more variables are missing in any sum term, expand that term by adding 
the products of each of the missing term and its complement. 
2. Drop out the redundant terms. 
The given expression. can also be written in terms of maxterms by using the following 
procedure: 
(a) Put Xs in terms wherever variables must be inserted to form a maxterm. 


(b) Replace thé complemented variables by 1s and thé non-complemented variables by 
Os and use all combinations of Xs in terms of 0s and Is to generate maxterms. 


(c) Drop out the redundant terms. 


EXAMPLE 6.3 Expand A(B + A)B to maxterms and minterms. 


Solution 

The given expression is a two-variable function in the POS form. The variable B is missing 
in the first term A. So, add BB to it. The second term contains all the variables, So, leave 
it as it is. The variable A is missing in the third term B. So, add AA to it. Therefore, 


A= A + BB = (A +B) (A + B) 
B=B+ AA = (B + A) (B+ A) 
or 
A(B + A)B = (A + B) (A + B) (A + B) (A + B) (A +B) 
= (A + B) (A + B) (A + B) 


= (00) (01) (10) 
= M, ` M; - M, 
= [I M(0, 1, 2) 


The maxterm M, is missing in the POS form. So, the SOP form will contain only the 


minterm m;. 
Also, 


A — 0X = (00) (01) = M; - M, 


(A + B) > (01) = M, 
B — X0 = (00) (10) = M, - M; 
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Therefore, 
A(A + B)B = II M(0, 1, 2) 
EXAMPLE 64 Expand A(A + B) (A + B + C) to maxterms and minterms. 
Solution í 


The given expression is a three-variable function in the POS form. The variables B and G 
are missing in the first term A. So, add BB and CC to it. The variable C is missing in the 
second term (A + B). So, add CC to it, The third term (A + B + C) contains all the three 


variables. So, leave it as it is. Therefore, 
OS MERE HCO tare B) (Av B) HCO (ree CO) Ape BCT) 
TOBERA HB EC) (AtB OAB +C) 
A+B-A+B+CC=(A+B+C)(A+B+0) 
Therefore, 


AA +B) (A +B+C)=(A+B+O)(A+B+O)(A+ B+ O( Be C) 
(A *B*C)(A +B+C) 
7 (000) (001) (010) (011) (100) (101) 
= My : Mı - M, - M, - My - M; 


= TI M(0, 1, 2, 3, 4, 5) i 


The maxterms M, and M; are missing in the POS form. So, the SOP form will contain the 
m 6 and 7. Therefore, the given expression in the SOP form is E m(6, 7). 
A > 0XX = (000) (001) (010) (011) 
= Mo - M, - M; - M, 
A +B > 10X = (100) (101) = M, - M; 
A+B+C=101=M, 
Therefore, 
A(A + B) (A +B + C)= II M@, 1, 2, 3, 4, 5) 


EXAMPLE 6.5 Write the algebraic terms of a four-variable expression having the following 


Lm mn, (c) m, (d) my 
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EXAMPLE 6.6 Write the algebraic terms of a four-variable expression having the following 
maxterms. 


(a) M; (b) M; (c) Mi (d) Mj 
Solution 
Given maxterm M; My My, My 
Binary form 0011 1001 1011 1110 
Sum term A+B+C+D A+B+C+D A+B+C+D A+B+C+D 


6.4 COMPUTATION OF TOTAL GATE INPUTS 


The total number of gate inputs required to realize a Boolean expression is computed as 


follows: 
If the expression is in the SOP form, count the number of AND inputs and the number of 


AND gates feeding the OR gate. If the expression is in the POS form, count the number of OR 
inputs and the number of OR gates feeding the AND gate. If it is in hybrid form, count the gate 


inputs and the gates feeding other gates. 
The cost of implementing a circuit is roughly proportional to the number of gate inputs 


required. 

EXAMPLE 6.7 How many gate inputs are required to realize the following expressions? 
(a) f; = ABC + ABCD + EF + AD 
(b) 5 = AB-*C- D)(B*C-* E) (A* B * C « E) 

Solution 


(a) Write the expression ABC + F 1 
Count the AND inputs dibongi 4 panot 
+ 1 D E 2 


i 


Count the AND gates feeding the OR gate 1 = 4 
Total gate inputs = 15 
(b) Write the expression A - (B^ C * D)-(B*C-* E)-(A* B-*C « E) 
Count the OR inputs 0 + 3 dy 3 + 4 eTO 
Count the OR gates 
feeding the AND gate 1 + 1 F 1 us 1 =A 
= 14 


Total gate inputs 


6.5 TWO-VARIABLE K-MAP 


A two-variable expression can have 2? = 4 possible combinations of the input variables A 


and B. Each of these combinations, A B, AB, AB, and AB (in the SOP form) is called a 
minterm. Instead of representing the minterms in terms of the input variables, using 
the shorthand notation the minterms may be represented in terms of their decimal 
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designations—m, for AB, m, for AB, m; for AB, and m; 
Tepresents the MSB. The letter m stands for minterm and the 
decimal designation of the minterm. 

: The presence (absence) of a minterm in the expression indicates that the ou 
circuit assumes a logic 1 (logic 0) level for that combination of input va 


Consider the expression, AB + AB + AB. It can be expressed usin 


for AB, assuming that A 
subscript Tepresents the 


tput of the logic 
riables, 


8 minterms as 
mo + m, + m, = X m(0, 2, 3) 


and should be read as the sum of mi 


interms 0, 2, and 3. It can also be represented i 
of a truth table as shown below. T NO 2x 


Minterm Inputs Output 


Mapping of SOP Expressions 


A two-variable K-map has 2? = 4 Squares. These squares are called cells. Each square on 
the K-map Fepresents a unique minterm. The minterm designations of the squares are 
shown in Fig. 6.1. A 1 placed in any square indicates that the corresponding minterm is 
included in the output expression, and a 0 or no entry in any square indicates that the 
corresponding minterm does not appear in the expression for output. 


the 


uere sc Iro Eo: 
We at . Fig. 
Mr nb co Tan kn d 
of the expression È m(0, 2, 3) is shown in Fig. 62. 
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Fig. 6.2 K-map of £ m(0, 2, 3). 


EXAMPLE 6.8 Map the expression AB + AB. 


Solution 
The given expression in minterms is 


m + m, = E m(l, 2). 


The K-map is shown below. 


Minimization of SOP Expressions 


To minimize a Boolean expression given in the SOP form by using the K-map, we have 
to look for adjacent squares having ls, that is, minterms adjacent to each other, and 
combine them to form larger squares to eliminate some variables. Two squares are said 
to be adjacent to each other, if their minterms differ in only one variable. For example, 
in a two-variable K-map, m, and m}, i.e. AB and AB differ only in variable B (A is 
common to both of them). So, they may be combined to form a 2-square to eliminate 
the variable B. " = 

Similarly, minterms mọ (A B) and m; (AB); m, (AB) and m; (AB); and m; (AB) 
and m, (AB) are adjacent to each other. However, minterms m, (A B) and m, (AB), and 
m, (AB) and m; (AB) are not adjacent to each other, because they differ in more than 


one variable. , , 4 k : 
The necessary (but not sufficient) condition for adjacency of minterms is that their 


decimal designations must differ by a power of 2. A minterm can be combined with any 


number of minterms adjacent to it to form larger squares. T y 
Two minterms, which are adjacent to each other, can be combined to form a bigger square 


called a 2-square or a pair. This eliminates one variable—the variable that is not common to 
both the minterms. For example in Fig. 6.3, 
mọ and m, can be combined to yield, f, = mọ + m, 
m, and m; can be combined to yield, f, = mọ + m, = 
m, and m, can be combined to yield, f, = m, + m, = 


* AB 
* AB 
+ 
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m; and m, can be combined to yield, f, = m; + m,- AB + AB =A 
my m; m; and m, can be combined to yield, f; = mp + m +m, +m 


AB + AB + AB + AB 


Fig.6.3 The possible minterm groupings in a two-variable K-map. 


; Two 2-squares adjacent to each other can be combined to form a 4. 
eliminates 2 variables. A 4-square is called a quad. 

To read the squares on the map after minimization, consider only those variables which 
remain constant throughout the square, and ignore the variables which are varying. Write 
the non-complemented variable if the variable remaining constant is a 1, and the 
complemented variable if the variable remaining constant is a 0, and write the variables as 


a product term. In Fig. 6.3, f, is read as A, because, along the square, A remains constant 


as a 0, that is, as A, whereas B is changing from 0 to 1. f, is read as B, because, 
the square, B remains constant as a 1, whereas A is changing from 0 to 1. f, is read as 
al, because, no variable remains constant throughout the square, which means that the 
output is a 1 for any combination of inputs. 


EXAMPLE 6.9 Reduce the expression AB + A 
Solution 


-square. A 4-square 


along 


B * AB using mapping. 


Expressed in terms of minterms, the given expression is 


mi avn 


m; + m, + m, = X m(0, 1, 3) 
_ The diagram below shows the K-map and its reduction. In one 2-square, A is constant 
as a 0 but B varys from a 0 to a 1, and in the other 2-square, B is constant as a | but 
fa wae oa a 741 a bon P reduced expression is A + B. It requires two gate inputs 
> bor 3 


TW UOCE 
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The main criteria in the design of a digital circuit is that its cost should be as low as 
possible. To design a circuit with the least cost, the expression used to realize that circuit 
must be minimal. Since the cost is roughly proportional to the number of gate inputs in the 
circuit, an expression is considered minimal only if it corresponds to the least possible 
number of gate inputs. There is no guarantee that the minimal expression obtained from the 
K-map in the SOP form is the real minimal. To obtain the real minimal expression, we obtain 
ihe minimal expressions for any problem in both the SOP and POS forms by using the 
K-maps and then take the minimal of these two minimals. 

We know that the 1s on the K-map indicate the presence of minterms in the output 
expression, whereas the Os indicate the absence of minterms. Since the absence of a 
minterm in the SOP expression means the presence of the corresponding maxterm in the 
POS expression of the same problem, when a SOP expression is plotted on the K-map, 0s 
or no entries on the K-map represent the maxterms. To obtain the minimal expression in the 
POS form, consider the 0s on the K-map and follow the procedure used for combining 1s. 
Also, since the absence of a maxterm in the POS expression means the presence of the 
corresponding minterm in the SOP expression of the same problem, when a POS expression 
is plotted on the K-map, ls or no entries on the K-map represent the minterms. 


Mapping of POS Expressions 


Each sum term in the standard POS capression is called a maxterm. A function in two 
variables (A, B) has four possible maxterms, A + B, A + B, A + B, and A + B. They 
are represented as My, M,, M5, and M; respectively. The upper case letter M stands for 
maxterm and its subscript denotes the decimal designation of that maxterm obtained by 
treating the non-complemented variable as a 0 and the complemented variable as a 1 and 
putting them side by side for reading the decimal equivalent of the binary number so formed. 

For mapping a POS expression on to the K-map, Os are placed in the squares 
corresponding to the maxterms which are present in the expression and Is are placed (or 
no entries are made) in the squares corresponding to the maxterms which are not present 
in the expression. The decimal designation of the squares for maxterms is the same as that 
for the minterms. A two-variable K-map and the associated maxterms are shown in Fig. 6.4. 


Fig. 6.4 The maxterms of a two-variable K-map. 
EXAMPLE 6.10 Plot the expression (A + B) (A + B) (A + B) on the K-map. 
Solution 


The given expression in terms of maxterms is I1 M(0, 2, 3). The corresponding K-map is 
shown on the following page: 
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quare (ignoring 
n write them as 


Various maxterm combinations and the corres; i i 
l s ponding reduced expressions i 
Fig. 6.5. f is read as A because A remains constant as a 0 throu; $ ee 


/ ^: ghout the square, and B changes 

es a se al. t is fer as B because B remains constant along the square as a 1 and 
ti „fi i i 

ps Mene a 0 to a 1. f; is read as a 0 because both the variables are changing along 


t-B mus 


Fig.6.5 The possible maxterm groupings in a two-variable K-map. 


EXAMPLE 6.11 Reduce the expression (A + B) (A + B) (A + B) using mapping. 
Solution 


^tm 
The given expression in terms of maxterms is [T M(0, 1, 
the K-map and its reduction. It requires two gate inputs 
expression. 


3). The diagram below shows 
for realization of the reduced 


f-AB 


Expression, the maxterm M; is absent. This is indicated by a 1 on the 
g SOP expression is Z m; or AB. This realization is the same as 
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6.6 THREE-VARIABLE K-MAP 


A function in three variables (A, B, C) expressed in the SOP form can have eight possible 


combinations designated by mo, m,, m}, m, m4, ms, Me, and m}, respectively, is called a 
minterm. A is the MSB of the minterm designator and C is the LSB. 

In the POS form, the eight possible combinations are: A + B + C, A + B + C, 
A+B+C,A+B+C,A+B+C,A+B+C, A+B+C,and A + B+ C. Each 
one of these combinations designated by Mp, Mi, M;, M3, My, Ms, Mg, and M}, respectively, 
is called a maxterm. A is the MSB of the maxterm designator and C is the LSB. 

A three-variable K-map has, therefore, 8(= 2°) squares or cells, and each square on the 
map represents a minterm or maxterm as shown in Figs. 6.6a and b. 


BC 
AN 00 


á 00 01 "1 10 
o 1 2 o zx LT 5 EN EC 
4 5 6 4 5 cy 6 
(a) Minterms (b) Maxterms 
Fig. 6.6 The minterms and maxterms of a three-variable K-map. 


The binary numbers along the top of the map indicate the condition of B and c for each 
column. The binary number along the left side of the map against each row indicates the 
condition of A for that row. For example, the binary number 01 on top of the second 
column in Fig. 6.6a indicates that the variable B appears in complemented form and the 
variable C in non-complemented form in all the minterms in that column. The binary number 
0 on the left of the first row indicates that the variable A appears in complemented form 
in all the minterms in that row. Similarly, the binary number 01 on top of the second column 
in Fig. 6.6b indicates that the variable B appears in non-complemented form and the variable 
C in complemented form in all the maxterms in that column. The binary number 0 on the 
left of the first row indicates that the variable A appears in non-complemented form in all 
the maxterms in that row. Observe that the binary numbers along the top of the K-map are 
not in normal binary order. They are, in fact, in Gray code. This is to ensure that two 
physically adjacent squares are really adjacent, i.e. their minterms or maxterms differ by 
only one variable. 


EXAMPLE 6.12 Map the expression A BC + ABC + ABC + ABC + ABC. 
Solution 


The minterms are: A BC = 001 = m; ABC = 101 = m; ABC = 010 = m; ABC = 110 
= mg ABC = 111 = m}. The K-map is shown on the following page. 


EXAMPLE 6.13 Map the expression (A + B + C) (A + B + C) (A + B + ©) 
(A4*B*C)(A*B-«C) 

Solution 

The maxterms are: A + B + C = 000 = My; A+B+C=101=M;A+B+G=111 
=M;A+B+C=011=M;A+B+C=110=M, 


Minimization of SOP and POS Expressions 


For reducing the Boolean expressions in SOP form plotted on the K-map, look at the Is 
present on the map. These represent the minterms. Look for the minterms adjacent to each 
other, in order to combine them into larger squares. Combining of adjacent squares in a 
K-map containing 1s (or Os) for the purpose of simplification of a SOP (or POS) expression 
is called looping. Some of the minterms may have many adjacencies. Always start with the 
minterm with the least number of adjacencies and try to form as large a square as possible. 
The larger squares must form a geometric square or rectangle. They can be formed even 
by wrapping around, but cannot be formed by using diagonal configurations. Next consider 
the minterm with next to the least number of adjacencies and form as large a square as 
possible. Continue this till all the minterms are taken care of. Read the minimal expression 
from the K-map, corresponding to the squares formed. There can be more than one minimal 
expression. 

‘Two squares are said to be adjacent to each other (since the binary designations along 
the top of the map and those along the left side of the map are in Gray code), if they are 
physically adjacent to each other, or can be made adjacent to each other by wrapping around. 


Reading the K-maps 


Some possible combinations of minterms and the corresponding minimal expressions read 
from the K-maps are shown in Fig. 6.7. Here f, is read as 1, because along the 8-square 
no s remains constant. f; is read as A, because, along the 4-square formed by Mo, 

ni m variables B and C are changing, and A remains constant as à 0. 
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fs = m +m + m, + m, = 


>| >| >l 


Fig. 6.7 Some possible combinations of minterms in a three-variable K-map 
(in the SOP form). 


f, is read as C + B, because in the 4-square formed by mọ, m;, mę, and m,, the variables 
A and B are changing, whereas the variable C remains constant as a 0. So it is read as C. 


In the 4-square formed by mọ, m,, m, and ms, A and C are changing but B remains constant 
as a 0. So it is read as B. So, the resultant expression for f; is the sum of these two, i.e. 
Ce Be 

f, is read as BC + AB + AC, because in the 2-square formed by m, and m,, A is 
changing from a 0 to a 1, whereas B and C remain constant as a 0. So, it is read as BC. 
In the 2-square formed by m, and mj, C is changing from a 0 to a 1, whereas A and B 
remain constant as a 0. So, it is read as A B. In the 2-square formed by mp and m,, B 
is changing from a 0 to a 1 whereas A and C remain constant as a 0. So, it is read as AC. 
Therefore, the resultant SOP expression is, BC + AB + AC. 

Some possible maxterm groupings and the corresponding minimal POS expressions read 
from the K-map are shown in Fig. 6.8. 


(a) f, = ©) (b)f, = (A+ B\B + CA + C) 


Fig. 6.8 Some possible combinations of maxterms in the three-variable 
K-map (in the POS form). 


In Fig. 6.8a, along the 4-square formed by M,, M, M; and Ms, A and B are changing 


from a 0 to a 1, whereas C remains constant as a 1. So it is read as C. Along the 4-square 
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formed by M;, M;, M; and Mg, variables A and C are changing from a 0 to a | but 
remains constant as a I. So it is read as B. The minimal expression is the product of thee 
two terms, i.e. f, = (C)(B). e 

In Fig. 6.8b, along the 2-square formed by M, and Mg, variable B is changing from 
0 to a 1, while variable A remains constant as a 1 and variable C remains Constant as a " 
So, read it as A + C. Similarly, the 2-square formed by M; and M, is read as A + B, While 
the 2-square formed by M, and M, is read as B + C. The minimal expression is the product 
of these three sum terms, ie. fp = (A + C)(A + B)(B + C). 


EXAMPLE 6.14 Reduce the expression E m(0, 2, 3, 4, 5, 6) using mapping and implement 
it in AOI logic as well as in NAND logic. 
Solution 


The K-map and its reduction, and the implementation of the minimal expression using AOI 
logic and the corresponding NAND logic are shown below. 


o» 


Oo wd 


f=C+AB+AB 
(a) =C AB AB (b) AOI logic (c) NAND logic 


EXAMPLE 6.15 Reduce the expression I] M(0, 1, 2, 3, 4, 7) using mapping and implement 
it in AOI logic as well as in NOR logic. 
Solution 


The K-map and its reduction and the implementation of the minimal expression using AOI 
logic and the corresponding NOR logic are shown below. 


f=(B +C) (B + TXA) 
(a@)=B+C+B+C+A (b) AOI logic (c) NOR logic 


646 Obtain the real minimal expression for E m(1, 2, 4, 6, 7) and implement 


n, minterms mp, m, and m, are missing. They, therefore, become the 
S expression, [I M(0, 3, 5). 
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To obtain the real minimal expression, obtain the minimal expressions in both the SOP 
nd POS forms and then take the minimal of those two. The respective K-maps with their 
minimal expressions are shown below, 


ge 00 _01 11 10 


f=AC+AB+BC+ABC f=(A+B+C)\A+B+C)A+B+C) 


In the POS form, no minimization is possible. The SOP form requires 13 gate inputs 
whereas the POS form requires 12. So, the POS form is preferred. Thus, the real minimal 
expression is 

(A+B+C)(A+B+C)(A+B+C) 


= (A+B+C)+(A+B+C)+(A+B+C) 
The logic diagram using NOR gates is shown below. 


A 
B 
c 


6.7 FOUR-VARIABLE K-MAP 


A four-variable (A, B, C, D) expression can have 2* = 16 possible combinations of input 
., ABCD with minterm designations mg, mi, - - + 


Mjs, respectively, in the SOP form and as A + B+ 5 2a yo X rem * C+D with 
maxterm designations My, M}, . . ., Mis, respectively, in 5 

A folravartable ae Dis 2* = 16 squares or cells and each square on the map 
Tepresents either a minterm or a maxterm as shown in Fig. 63. z 

The binary number designations of the rows and columns are in Gray code. p binary 
numbers along the top of the map indicate the conditions of C and D along any column r 
binary numbers along the left side indicate the conditions of A and B along any row. The 
numbers in the top right corners of the squares indicate the minterm or maxterm 


designations as usual. 
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AB 01 The K-map above produces the following terms. 
7 


(a) mj; is to be read as ABCD 


co i By. 

00 01 " 00 ipee E 2-square of m, and m, yields ABD | 
AB : : 5 ; RT RBSSDIATBECED ausis. m diae of m, mg, m, and m, yields AC 
00 |ABCD|ABCD|ABCD|ABCD (d) 4-square of mj, m3, my, and mj, yields BC 

t ne (e) 4-square of m, mg Mı, and m, yields CD Y m Ei 
à B+G Therefore, the reduced expression is ABCD + ABD + AC + BC + CD (18 inputs). 
ABCD|AsCD|ABCD|ABCD 1 
EXAMPLE 6.18 Reduce using mapping the expression E m(0, 1, 2, 3, 5, 7, 8, 9, 10, 

a E ki ul B 12, 13) and implement it in universal logic. 

ABCD|ABCD neco|anca| ‘cation 


à : P 
: 4 i in the POS form is [] M(4, 6, 11, 14, 15). The K-maps for the SO! 
X 3 The given problem t j dors pieni 
10 lABCD|ABCD|ABCD|ABCD 10 |A+B+C+DA+B+C+D A*B*C*D|A«B«C«D and POS forms and their reductions are shown below. The SOP form of realization is m 


economical. Now, IT 

wi BD «AC + AD - BD-AC-AD 

The implementation of the minimal expression using NAND logic is shown below. 
cD 


Fig. 6.9 The minterms and maxterms of a four-variable K-map. 


EXAMPLE 6.17 Reduce using mapping the expression Z m(2, 3, 6, 7, 8, 10, 11, 13, 14). 01 1 
Solution 


Start with the minterm with the least number of adjacencies. The minterm m,, has no 

adjacency. Keep it as it is. The mg has only one adjacency, mg. Expand mg into a 2-square 

with mjo. The m; has two adjacencies, mg and m,. Hence m, can be expanded into a 

4-square with ms, m, and m;. Observe that, m», mg, m;, and m; form a geometric square. 

The m,, has 2 adjacencies, m,) and m. Observe that, mj, myo, m, and m, form a = REEKD\ ACEC OG NANDMdE 

geometric square on wrapping the K-map. So expand m;, into a 4-square with mjo, m, an (a)f=BD+AC+AD  —(b) f= (A+B +D) (A+ C+D) A+B+C) nM 
. Note and m,, have already become a of the 4-square m , m» an E 3 i 2, 8, 9, 10, 11, 12, 14) an 

= But ON ciim only into a Eus tie only Ge vaclable ty iad. EXAMPLE 6.19 Reduce using mapping the expression Iw 

So m, and m, are used again to make another 4-square with m,, and my, to eliminate two implement it in universal logic. 

variables. Now only mg and m,, are left uncovered. They can form a 2-square that Solution 13, 15). The K-maps 

eliminates only one variable. Don’t do that. See whether they can be expanded into a larger The given expression in the SOP form is E m (0, 1, 3, 4, 5, 6, UR a Medi Mie 

square. Observe that, mj, me m,,, and m, form a rectangle. So m, and mj, can be for the SOP and POS forms and their reductions are shown below. 

expanded into a 4-square with m; and mj. This eliminates two variables. economical. Its implementation is also given below. 


en e g 


a> ow 


o» 


cD 
00 01 11 10 


—— = = zl = lei NOR logic 
f=ABCD + ABD + AC + BC + CD OAA ; (b) f= (Ā + B) (A + D) (B + C * D) (c) logi 
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6.8 FIVE-VARIABLE K-MAP 


om, 


A + 


respectively, in POS form. 
uares each. The left block 


another, the squares coincide with one another. 

Some possible 2-squares in a five-variable map are mọ, Mys my Migi Ms, My); 
Mis, my; mj, M37. 

Some possible 4-squares are mo, m;, Mis Mig; Mo, my Mig, mj; Mo, mq, mio, moo; 
Thy Mis, Mz, M3; Ms, mj my, m». 

Some possible 8-squares are mọ, m, my, my mj, mj, mi, my; Mo My, mj, mg, 
Mie moo, Mog, M24; ms My, my, Mis, my, M33, moy, my. 


The squares are read by dropping out the variables which change. Some possible 
groupings shown in Fig. 6.10 are read as follows. 


(a) my my = 

(b) m, m, = E 

(c) m, m; my, m; = BCE 

(d) m, m, m3, Mis m, mos, 
my, m, = CE 

(e) mg, ms, Myo, mj, mj, mss, 


Mo Mj =B+C+D+E 

M», Mg=B+C+D+E 

My, Mg, Moo, Mz, = B+ C + E 

Ms, M;, Mi, Mis, Mz Mi, Ms 
Mj;-C-«E 

Ms, Mo, Myo, Mi, Mi, Mis Mos 
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Solution 
The given expression in the POS form is 


II M(1, 4, 5, 6, 7, 8, 9, 14, 15, 22, 23, 24, 25, 28, 29, 30, 31) 


The real minimal expression is the minimal of the SOP and POS forms. 


SOP form 
In the K-map shown below: 


mz can go only with mj. Form a 2-square which is read as ABCD. 

m, can go with m», mys and m;,. So, form a 4-square which is read as BCE. 
moo, My}, m,; and m;e form a 4-square which is read as ABD. e 
mo, ms, mg, mio, Myo, Mı, Mz, and m;; form an 8-square which is read as CD. 


The minimal expression is ABCD + BCE + ABD + CD (16 inputs) 


f=ABCD + BCE + ABD + CD 


POS form 


In the K-map shown below: 


01 11 10 


fz(A*B* D* EA +B + C)B + C + DXA +B + DC + D) 


M, can go only with Ms. So, make a 2-square, which is read as (A + B + D + E). 
M, can go with Ms, M;, and M, to form a 4-square, which is read as (A + B + C). 
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Mg can go with Mg, M;,, and M;; to form a 4-square, which is read as (B + C+D) 
Ma, can go with Mo, Ma4, and M;, to form a 4-square, which is read as(A Ba A 
Myo can make a 4-square with My), M9, and M3s or with M3), Mj, and M. Don't 
do that. Note that it can make an 8-square with M3), M5, M5 M, M; My, and 
Mi; which is read as (C + D). 


The minimal expression is 


(A+B+D+E)(A+B+C)(B+C+D)(A+B+D) (C+D) (20 inputs) 
The SOP form requires less number of gate inputs. The real minimal expression is, therefore, 
ABCD + BCE + ABD + CD 


6.9 SIX-VARIABLE K-MAP 


A six-variable (A, B, C, D, E, F) expression can have 2° = 64 possible combinations of input 


Mp, My, . 
B+C+D+E+F),...,(A +B+C+D+E +F), with maxterms designations 
Mo, Mi, . . »» Mg, respectively, in the POS form. The 64 squares of the K-map are divided 
into four blocks of 16 squares each. Each square on the map represents a minterm or 
maxterm. The values of A and B remain constant for all minterms (maxterms) in each 
block. The top left block represents minterms (mọ to m,;) in which A is a 0 and B is a 
0. The top right block represents minterms (m; to m3) in which A is a 0 and B is a 1. 
The bottom left block represents minterms (m; to m7) in which A is a 1 and B is a 0. 
The bottom right block represents minterms (mą to mg) in which A is a 1 and B is a 1. 
The six-variable map may contain 2-squares, 4-squares, 8-squares, or other 
combinations involving these four blocks. Squares are considered adjacent in two blocks, 
if upon superimposing one block on top of another block, that is, above or beside the first 
block, the squares coincide with each other. Diagonal elements like mg, Msg; M4s, mg; mis, 
M35; Hs, M45 are not adjacent to each other. 
Some possible 2-squares are: mo, mg; Mjo My; Mj mag; M7, mj m», M39; 
my mss; M47, mg; 
Some possible 4-squares are: mp, M6, My, mag; mo, m, M32, M33; M32, ma, Myg, Mag; 
Some possible 8-squares are: m}, m, m,7, Mjo, M33, M35, Mag, Ms); mo, mo, mig Tg 
Mz M34 Hag, Mso; mg, Tlyg, My7, Myo, Mss, Ms4, Mp3, M62- 
The squares are read by dropping out the variables which change. Some possible 
groupings shown in Fig. 6.11 are as follows. 
‘ms, m, = ACDEF (A=C=E=0,D=F=1,B=0 or 1) A 
NE = =E=F=0,D=1,A and C are a 0 ora 
SO celta BEER ms, = ACF (A = C = F = 1, B, C, and E are 
mas. OP M43, Mojs mg, M57, Msg ; 
$ j =CD 


, Hl, Mig Miz, ig, Mjo, Dh, Ts, Myg, Mass Mag, Myg, Mso, Ms 
J B, E, and F are a 0 or a Ly 
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Fig. 6.11 Some possible groupings in a six-variable K-map. 


EXAMPLE 6.21 Reduce the expression 


Z m(0, 2, 7, 8, 10, 13, 16, 18, 24, 26, 29, 31, 32, 34, 37, 39, 40, 42, 45, 47, 48, 50, 53, 
55, 56, 58, 61, 63) using mapping. 


Solution 


The given expression in the POS form is 


II MG, 3,4, 5, 6, 9, 11, 12, 14, 15, 17, 19, 20, 21, 22, 23, 25, 27, 28, 30, 33, 35, 36, 
38, 41, 43, 44, 46, 49, 51, 52, 54, 57, 59, 60, 62). 
The real minimal expression is the minimal of the SOP and POS forms. 


SOP form 
In the K-map shown on the following page: 


m has only one adjacency My. It can form a 2-square with msg. Read it as BCDEF. 
"hi; can make a 4-square with m9, mys, Mg). Read it as CDEF. 

Th, can make a 4-square with m mg, mg. Read it as BCDF. 

Ts. can make an 8-square with mgs, mg; mg, My7, M39, mas, may. Read it as ADF. 
Th can make a 16-square with mj, Mi, Ms, mg, mo, maa, Trag, M32, M34, Mao, Me, 
Mso, Msg, ig, Mys- Read it as DF. 
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The minimal expression is, therefore: BCDEF + CDEF + BCDF + ADF + DF 
inputs). Q3 


POS form 

In the K-map shown on the following page: 
Mj; has only two adjacencies M,, and Mj. It can make a 2-square with any one of 
them. Make a 2-square of Ms, Mi. Read it as (A + B + C + D + E). 
M; can make a 4-square with M4, Myo, M;, or M,, M,7, M. Don't take a decision yet. 
M; can be expanded into a 16-square with Mg, Mi;, Mi, May, Mg, Mas, Mio, Ms, 
Mas, Mss, Mas Ms; Mss, Meo, and Mg; Read it as (D + F). 
M, can be expanded into a 16-square with M3, My, M; Miz, Myo, Mas, Ma7, M33» 


s Map Ma, Ma, Msi, Msz, and Mss. Read it as (D + F). 
y Ms, May, and Mz; are left uncovered. Mj, and M»; can form a 4-square with 
or with M,7, M;s which are already taken care of. Form a 4-square of M;i 


and Ms. Read it as (A + B + C + F). 
eft. Make a 4-square, say with M,, Moy, and Mz. Read it as (A + C + D + E) 
p iO ERES (A+B+C +D+ E) (D +F) (D * F) 

F)(A+C+ D +E) (22 inputs) 
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The POS form is thus less expensive. So the real minimal expression is the POS form. 


6.10 DON'T CARE COMBINATIONS 


So far, the expressions considered have been completely specified for every combination of 
the input variables, that is, each minterm (maxterm) has been specified as a | or a 0. It 
often occurs that for certain input combinations, the value of the output is unspecified either 
because the input combinations are invalid or because the precise value of the output is of 
no consequence. The combinations for which the values of the expression are not specified 
are called don’t care combinations and such expressions, therefore, stand incompletely 
specified. The output is a don’t care for these invalid combinations. For example, in Excess-3 
code system, the binary states 0000, 0001, 0010, 1101, 1110, and 1111 are unspecified and 
never occur. These are called don’t cares. Similarly in 8421 code, the binary states 1001, 
1010, 1011, 1100, 1101, 1110, and 1111 are invalid and the corresponding outputs are don’t 
cares. The don’t care terms are denoted by d, X or @ During the process of design using 
an SOP map, each don’t care is treated as a | if it is helpful in map reduction, otherwise 
it is treated as a 0 and left alone. During the process of design using a POS map, each don't 
care is treated as a 0 if it is useful in map reduction, otherwise it is treated as a ] and left 
alone. 

An SOP expression with don't cares can be converted into a POS form by keeping the 
don't cares as they are, and writing the missing minterms of the SOP form as the maxterms 
of the POS form. Similarly, to convert a POS expression with don't Cares into an SOP 
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expression, keep the don't cares of the POS expression as they are and wri 


: le the missi 
maxterms of the POS expression as the minterms of the SOP expression. e missing 


EXAMPLE 6.22 Reduce the expression E m(1, 5, 6, 12, 13, 14) + d(2, 4 i 
it in universal logic. ee pee 


Solution 


The given expression written in the POS form is II M(0, 3, 7, 8, 9, 10, 11, 15) - d(2, 4) 
The K-maps in the SOP and POS forms, their reductions and the minimal expressions 
obtained from them are shown below. The POS form is less expensive, because it requires 
less number of gate inputs (9 compared to 10 required for the SOP form). The 
implementation of the minimal expression using universal logic is also shown. 


oo 01 11 10 00 01 11 10 


ojo Tot FT| 


(a)1- BC + BD + ACD (b)f2(B*D)A*BXC-*D) (c) NOR logic 
EXAMPLE 6.23 Reduce the following expression to the simplest possible POS and SOP forms. 


E m(6, 9, 13, 18, 19, 25, 27, 29, 31) + dQ, 3, 11, 15, 17, 24, 28) 
Solution 
The given expression written in the POS form is 
TI M(0, 1, 4, 5, 7, 8, 10, 12, 14, 16, 20, 21, 22, 23, 26, 30)-d (2, 3, 11, 15, 17, 24, 28) 


—— 


f=BE +B D+ABDE 
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A 


f2(D«E(B* E(A*B*EJ(A*B*C) 


6.11 HYBRID LOGIC 


Both SOP and POS reductions result in a logic circuit in which each input signal has to pass 
through two gates to reach the output. It is, therefore, called a two-level logic and has the 
advantage of providing uniform time delay between input signals and the output. But the 
disadvantage is that the minimal expression obtained by either SOP reduction or POS 
reduction may not be the actual minimal. In fact, the actual minimal may be obtained by 
manipulating the minimals of SOP and POS forms into a hybrid form. For example, the 
minimal of the expression E m(0, 1, 2, 3, 5, 7, 8, 9, 10, 12, 13) in the SOP form is given 
by f= AC + AD + AB + BC (12 inputs). But this can be written as f= A(C D + B) 
* BC (9 inputs). 

Also, the expression ABC + ABD + ACD + BCD is in minimum SOP form and requires 
16 inputs. It can, however, be reduced by factoring to: AB(C + D) + CD( A + B) and 
implemented as shown in Fig. 6.12 with 12 inputs. 


D 
D 


D 
D 


f=AB (C + D) * CD(A + D) 
Fig. 6.12 Hybrid logic. 


Figure 6.12 shows that we have reduced the number of inputs from 16 to 12. Note, 
however, that the C input to the OR gate must go through three levels of logic before 
reaching the output, whereas the C input to the AND gate must only go through two levels, 
This can result in a critical timing problem called /ogic race. Assume, for example, that each 
gate has a 10 ns delay and that A = 0, B = 0, C = 1, and D = 1. Gate G, will not AND 
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since A and B are zero; gate G, will not AND since A + B = 0. Next assume that A and 
B go high at precisely the same instant when C and D go low. Gate G, will continue to 
provide a 1 to G, for 10 ns after C and D go low because of its propagation delay, and 
for that 10 ns all three inputs to G, will be high causing a 10 ns pulse to be outputted by 
Gs. At the end of this narrow pulse, G, output will go low, blocking G,; since C and D 
are already 0, G; output will go low. Had two-level logic been used, this logic race and its 
resulting pulse would not have occurred. 

In hybrid logic circuits, the input signals will pass through different number of gates to 
reach the output. Even though hybrid logic results in a minimal circuit, it may provide a critical 
timing problem called logic race which results in unwanted narrow pulses. The two-level 
logic is free from logic race. 


Mapping when function is not expressed in minterms (maxterms) 


Our discussion of mapping suggests that if an expression is to be entered on a K-map, it 
must be available as a sum (product) of minterms (maxterms). However, if not so 
expressed, it is not necessary to expand the expression algebraically into its minterms 
(maxterms). Instead, the expansion into minterms (maxterms) can be accomplished in the 
process of entering the terms of the expression on the K-map. 


For example, let us enter on K-map the expression ABCD + ACD + BC +A. 


(a) ABCD is minterm m,. Enter it as it is. 


(b) ACD corresponds on the K-map to locations where A = C = D = 0 and are 
independent of B. That is, intersections of rows 1 and 2 with column 1 (m, and m,). 


(c) BC corresponds on the K-map to locations where B = 0, C = | and are independent 
of A and D. That is, intersections of rows 1 and 4 with columns 3 and 4 (m;, m;, 
mj, and m). 
(d) A corresponds on the K-map to locations where A = | and are independent of B, C, 
and D. That is, complete rows 3 and 4 (mg, m, Myo, mi, mp, mi, my, and mj). 
The entries on the K-map are shown in Figs. 6.13a, b, c, and d. The complete mapping 
is shown in Fig. 6.13e. 
As another example, consider mapping the expression (A + B) (A +B + C) (A + €). 
The given expression is in the POS form, where 


(a) (A + B) corresponds on the K-map to locations where A = 0 and B = 0, and C 
and D can be a 0 or a 1. That is, the entire row 1 (Mo, M,, M3, and My). 

(b) (A + B + C) corresponds on the K-map to locations where A = 0, B = 1, and C = 0, 
and are independent of D. That is, the intersection of row 2 with columns, | and 2 
(M, and M,). 


€ corresponds on the K-map to locations where A = 0 and C = 1, and are 
eat of B and D. That is, the intersection of rows 1 and 2 with columns 


M, Ms and M,). 


expression can be mapped as T] M(0, 1, 2, 3, 4, 5, 2, 3, 6, 7), ie: 
6, 7). The mapping is shown in Fig. 6.14. 
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01 


" 01 11 


01 11 


01 11 01 11 


Fig. 6.13 Mapping of (a) A BCD, (b) A CD, (c) BC, (d) A, and 
(e) ABCD * ACD * BC * A. 


Fig. 6.14 Mapping of (A + B) (A + B + C) (A+ C). 


6.12 MINIMIZATION OF MULTIPLE OUTPUT CIRCUITS 


So far, we have discussed the minimization of single expressions by the K-map method. In 
practice, many logic design problems involve designing of circuits with more than one 
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output. We discuss here the design of such problems using K-maps. The multiple out 
minimization criterion is as follows: » 


(1) Each minimized expression should have as many terms in common as possible with. 
those in the other minimized expressions. For this, in addition to separate K-maps 
for each output expression, draw an additional K-map called the shared Em 
K-map for the minterms which are common to all the output expressions and then 
Obtain the common terms from it. 


(2) Each minimized expression should have minimum number of product (sum) terms 
and no product (sum) term of which can be replaced by another product (sum) 
term. with fewer variables. For this, out of the common terms Obtained from the 
Shared minterm K-map, select only those terms whose inclusion will result in the 
reduction of the overall cost. 


Combinational logic 


oo07» 


Fig. 6.15 Block diagram of a multiple output circuit. 


For example, consider the multiple output circuit shown in Fig. 6.15 with three inputs 
A, B, and C, and two outputs f, and f; given by 


f(A, B, C) = X m(0, 1, 2, 5, 6, 7) 

fA, B, C) = E m(2, 4, 5, 6) 
We want to design a minimal circuit to get the above outputs. If we design the circuit by 
obtaining the minimal expressions for f, and f, separately, we may not get the overall 


minimal circuit. Suppose the groupings on the individual K-maps are as shown in Fig. 6.16; 
the minimal expressions for the outputs would require 15 gate inputs for realization. Here, 


fimin = AC + BC + AB (9 inputs); fj = AB + BC (6 inputs) 
(Total 15 inputs) 


EUE i 


9l boten quid s qd roas sinn 
Fig. 6.16 One way of grouping f, and fz. 
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An alternative way of grouping the outputs f, and f, is shown in Fig. 6.17. 


10 


BC oo 01 11 


fimin = BC + AB + AC fama = AB + BC 


Fig. 6.17 Alternative way of grouping f, and f. 


Now, 
fimin = BC + AB + AC (9 inputs); famin = AB + BC (6 inputs) 


(Total 13 inputs because the term BC is common to fimin and £j.) 


As the term BC is present in both the expressions, it can be generated only once and 
utilized for generating both the expressions, thus reducing the cost and complexity. The 
realization is shown in Fig. 6.18. So the first step in multiple output minimization is to find 
the common terms and try to utilize them so that the overall cost is reduced. 


A fie 
B 

A 

c 

B 

e f 

A 2me 
B 


Fig. 6.18 Minimal circuit. 


EXAMPLE 6.24 Minimize and implement the following multiple output functions. 


f, = Z m(l, 2, 3, 6, 8, 12, 14, 15) 
f, = II M(0, 4, 9, 10, 11, 14, 15) 


Solution 


Here f; is in the POS form and f, in the SOP form. Express both f, and f, either in the 
SOP form or in the POS form and obtain the minimal expressions. Therefore, in the SOP 
form, we have 


fi = E m(l, 2, 3, 6, 8, 12, 14, 15); = E m(l, 2, 3, 5, 6, 7, 8, 12, 13) 
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First form a function f with the minterms common to both the functions, 
Therefore, 


f= fe f, == m(l, 2, 3, 6, 8, 12) 


Draw the K-maps for f}, f; and f and form the minimal expressions for fi f) and f. The 
K-maps and their reductions for fj, f}, and f are shown below. 


01 11 01 ou 


10 


(a)f,=ACD+ACD+ABD+ABC  (b) f, = ACD + ACD + BCD + AD 


(c) f= ACD + ACD + ABD 


In f}, all the terms of f are present. We cannot make any larger square using any of these 
terms. In f}, out of the three terms of f, A BD becomes part of a 4-square, so, AD is read. 


ACD can also be made part of a 4-square, but it does not reduce the hardware. So it is 
not considered. The circuit with the minimum gate inputs is shown below. 


fimin 


OlOD» DIOP! ombi OwP 


>I 


LJ do E 


mpletely specified functions, the minterms for the shared map are 
listed in Table 6.1. 


ie f= f, - f,. 
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Table 6.1 Generating minterms for a shared map 


= 
s^ 


I 


x-2x-2xo-2oo 
x*-22xoxo-oo 
x222o0oooo 


EXAMPLE 6.25 Minimize the following multiple output functions. 


f, = Z m(0, 2, 6, 10, 11, 12, 13) + d(3, 4, 5, 14, 15) 
f; = EZ m(l, 2, 6, 7, 8, 13, 14, 15) + d(3, 5, 12) 


Solution 


The shared minterm function generated according to the rules listed in Table 6.1 is 
f = X mQ, 6, 12, 13, 14, 15) + d(3, 5) 


The K-maps for fj, fj, and f and their minimization are shown as: 


01 11 


(b) fz = ACD + AD + AC + AB 


(a) f, = AD + BC + AB 


(c)f = AB + ACD 

The shared mintern function f has two terms AB and ACD. Out of these two, only 
AB is utilized, because ACD can be merged into a bigger square. 
EXAMPLE 6.26 Find the minimal expressions for the multiple output functions 


fiX Xz, Xs, Xs) = II MG, 4, 5, 7, 11, 13, 15) - d(6, 8, 10, 12) 
f(X,, Xo, Xy, Xj) = II MQ, 7, 9, 10, 11, 12, 14, 15) - d(0, 4, 6, 8) 
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Solution 


The given expressions are in the POS form. Generate the shared maxterm function usi 
the same rules as for the minterms. Therefore, RE 


f-f,-f - II M(, 7, 10, 11, 12, 15) - d(6, 8) 


The K-maps for f}, f, and f and their reductions are shown below. 


01 11 


(a)f, = (X, + XX, * X) (b) f, = X(X, + XX, + X) (0) f= X * X +X,) 
(Xe +X + XX, * X, +X) 


None of the terms of f can be used in the minimal expressions for f, and f; because 
these terms are combined into bigger ones in f, and fj. 
The problem may be converted to and solved in SOP form too. 


EXAMPLE 6.27 Minimize the following multiple output functions using K-map. 


AX Xj, Xy, Xj) - E m(1, 2, 3, 5, 7, 8, 9) + d(12, 14) 
AXi X», Xy, Xj) - E m(0, 1, 2, 3, 4, 6, 8, 9) + d(10, 11) 
f((X,, X» X, X,)= E m(1, 3, 5, 7, 8, 9, 12, 13) + d(14, 15) 


Solution 
The shared minterm function generated according to the rules listed in Table 6.1 is 
fX, X, X, X) =f- f- fj = E m(1, 3, 8, 9) 
The K-maps for f,, fj, f}, and f and their minimal expressions are shown below. 
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(c) f = XX, + X;X, (d) f= XXX, + XXX 


None of the terms in the minimal expression of the shared map is useful for overall 
reduction. However, we can see that X,X, is common to f, and f}. 


6.15 VARIABLE MAPPING 


Variable mapping is a powerful and useful tool that can be used in a wide variety of 
problems. The design of sequential circuits is greatly simplified by this technique. Variable 
mapping can also be used to minimize Boolean expressions, which involve infrequently used 
variables. If properly used, it can reduce the work required for plotting and reading maps. 
It allows us to reduce a large mapping problem to one that uses just a small map. This 
technique can reduce the map size for 3, 4, 5, 6, 7, and 8 variable maps. It is especially 
useful in those problems which have a few isolated variables among more frequently used 
variables. Consider the equation 
f= ABC + ABC + ABC + ABC + ABCD 
Normally, this would be a four-variable problem. Notice that the variable D is used only once 
whereas variables A, B, and C are used many times. Using variable mapping, we can make 
it a three-variable problem. Assuming this to be a three-variable problem in A, B, and C, we 
have 
f = m) + m, + m, + m, + mD 

For mapping such a function, put a 1 on the map where a minterm appears and a 0 (or 

no entry) where it does not. Since each 1 represents a minterm, the entry | - D represents 


the minterm multiplied by D. In fact, each 1 entered onto the map represents D + D, 
because if it were to be treated as a four-variable problem instead of a three-variable one, 


each term in the function is to be multiplied by (D + D) = | to convert it to the standard 
SOP form. For minimization, we must cover each of the individual variables. We can make 


a 4-square of minterms mg, m,, m, and m, [covering (D + D) of all the terms] and can 
read it as usual as A(D + D) = A. We can also make a 2-square of the D in m, and D 
in (D + D) of m, and read it as (BC)D = BCD. This yields 

f, = A + BCD 
as shown in Fig. 6.19. 
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f= ABC + ABC + ABC f, = A + BCD 
+ ABC + ABCD 
(a) Original map (b) Groupings 


Fig. 6.19 Variable mapping. 


Note that the D in m is covered twice. However, our objective is to cover all the 
variables at least once. 


EXAMPLE 6.28 Reduce by mapping: 


Although this is a four-variable problem, 
on a three-variable K-map and reduced 
in A, B, C would be: 


it can be treated as a three-variable one and plotted 
as shown below. Thus, the three-variable problem 


f- m(D + D) + m(D + D) + m(D + D) + m,D + mD + m,D + m,D 
Note that all parts of 1(D + D) must be covered. 


IAren 
Ale as 
seine tion the K-maps, the D's of m, and m, form a 2-square which is read as 
] D of m, and m; form a 2-square which is read as ACD. The D's of m, and 
2-square which is read as ACD. The D's of m, and m, form a 2-square which 


. The m, and m, are fully covered. Also, m; can be combined with 
"PR. S 2 49d 
re which is read as AB. So, the reduced expression is 


f= ACD + BCD + ACD + BUD + AB 
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EXAMPLE 6.29 Reduce by mapping: 
f= ABC + ABCD + ABCE + ABCE + ABC + ABC + ABCD 
Solution 


Although this is a five-variable problem, it can be treated as a three-variable one and plotted 
on a three-variable K-map and then reduced as shown below. 
The given function in three-variable form may be expressed as 


f = my + mj + mE + mE + m, + m, + m,D 


As seen from the K-map, 


D of m, forms a 2-square with D present in m, which is read as A BD. 

E of m, forms a 2-square with E present in mp which is read as A CE. 

E of m, forms a 2-square with E present in m, which is read as BCE. 

D of m, forms a 2-square with D present in m; which is read as ABD. 

A minterm is said to be fully covered, only when at least any one of the variables as 


well as its complement are covered. Only D and E of m, are covered. So, m, is not fully 
covered. Also, m, is not covered at all. So, make a 2-square with m, and m; which is read 
as AC. 


All parts of mọ are not covered. Only D and E of m, are covered and m, cannot also 
be combined with any other minterms. So, it appears in the reduced expression. 
From the K-map, the reduced expression is 


f= AC + ABD + BCE + ABD + ACE + ABC 
EXAMPLE 6.30 Reduce by mapping: 
f= ABCE + ABC + ABCF + ABC + ABCD + ABCF 
Solution 


Although this is a six-variable problem, it can be treated as a three-variable one and plotted 
On a three-variable K-map and then reduced as shown below. 


192. Fundamentals of Digital Circuits 
The given function may be expressed in three variable form as 


f= mE +m + m, + mF + mjD + mF 
Here m, is not fully covered, because only D and E of m, are covered. So it will appear 


in the final expression. The m; is fully covered because both F and F of it are covered. 
So, it will not appear in the final expression. 
From the K-map the reduced expression is, therefore, given by 


f= ABE + BCD + BCF + ABF + ABC 
EXAMPLE 6.31 Reduce by mapping: 


Although this is a six-variable problem, it can be treated as a four-variable one and plotted 
on a four-variable K-map and then reduced as shown below. 


00 01! 11 


10 


Expressed as a four-variable problem, we have 


f= mo + mE +m, + m,E + mF + mE + m; + m + mE + my + mE 
+ m + mE + mF 


The m, is fully covered because it combines with F and F; likewise, m; and m,, are 
h. Lg NAM each one of them combines with E and E. The E's of m, and 
ms 4-square with the E's present in mọ and mg. The E's of m, and m, form a 
4-square with the E’s present in m; and myo. The E's of mg and m,, form a 4-square with 


the E's present in m; and my. Now mọ is not fully covered, because E of this is not used. 
So, form a 4-square with mọ, m}, mg, and my. 
From the K-map, the reduced expression is, therefore, obtained as 


| f- ABDF + BCE + BCE + CDE + BCDF + ACD + BD 
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incompletely Specified Functions 


The procedure used for previous don’t care problems has to be modified only slightly to 
accommodate variable mapping. Suppose a four-variable problem is treated as a three- 
variable (A, B, C) one and entered on a three-variable K-map. Each 1 in the three-variable 


map represents that the corresponding minterm is multiplied by (D + D). In fact, it may 
be entered as a 1 or (D + D). If this minterm is a don’t care, it is entered as XD + XD 
or simply as X. Suppose the term is ABCD. It is entered as a D in the cell for m; (ABCD 


= mD). If ABCD is a don't care, it is entered as an XD in the cell for m;. Similarly, when 
a five-variable problem is treated as a three-variable one, each 1 on the map represents the 


corresponding minterm multiplied by (D + D) (E+ E). If it is a don’t care, it contains the 


terms XD, XD, XE, and XE. These don’t cares may or may not be covered. They should 
be used to make 2” squares when covering other do care terms. Any minterm is considered 
to be completely covered only if any of its variable plus its complement present in that 
minterm are both covered. Other variables can be covered partially or fully, if required or 
not covered at all. 


EXAMPLE 6.32 Reduce by mapping: 
f= ABC + ABCD + ABCD + ABCD + ABCE + ABCE + d(ABCD + ABCE) 
Solution 
The given problem is actually a five-variable one. Treating it as a three-variable one, we get 
f =m) + mD + m,D + m,D + Im,E + m,E + d(m,D + mE) 


It is mapped onto a K-map and reduced as shown below. 


f= BD + AC + ABC 


The D's of m, and m, form a 4-square with the D present in m, and the XD a 
The D of m, combines with the D present in m, to form a 2-square. e m, ^ ully 
Covered. The E of m; can combine with the XE of m,. This is not done, ecause " Xx 5 
no way to combine the E of m; with anything else, and so, m; has to appear in the fina 
expression. From the K-map, the reduced expression is, therefore, obtained as 


f= BD + ACD + ABC 
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EXAMPLE 6.33 Reduce by mapping: 


f= mp + mp +m, + mE + mE + E) + mF + mE + mp + m)sF 
+ d(m,F + mF + m,,E + mE) 
Solution 


The given problem is actually a six-variable one. The four-variable K-map and its 
minimization are shown below. 


The minterm m, contains E + E. Its E is used to make a 4-square with the E's of mo, 
m», and m,. Since m, is not fully covered, it is combined with m; to make a 2-square. The 
E of mj; can be combined with the E's of mo, m, and mg but this is not done because 
mj; cannot be fully covered by this operation. So, m}, has to be read anyway. The minterm 
m, is not fully covered. Only E of it is used. So, combine it with m; to form a 2-square. 

From the K-map, the reduced expression is, therefore, obtained as 


f= BDE + ADE + ABD + ACDF + BCDF + ABCD + ACD 


6.14 MISCELLANEOUS EXAMPLES 


EXAMPLE 6.34 Design an SOP circuit that will output a 1 when the Gray codes 5 through 
12 appear at the inputs, and a 0 for all other cases. Also, implement it in the NAND logic. 


is a 4-bit Gray code. Let the input Gray code be ABCD. There are 16 possible 
4-bit Gray code. The truth table of the SOP circuit is shown below. 


Decimal 4-bit Gray code Output 
number ABCD 
8 1100 
9 1101 
10 T5111 
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Contd. 
3 0010 0 11 1110 1 
4 0110 0 12 1010 1 
5 0111 1 13 1011 0 
6 0101 1 14 1001 0 
z 0100 1 15 1000 0 


The K-map, its minimization, the minimal expression and its logic diagram in NAND 
logic are shown below. 


01 11 


ooro w OIW 


fan = BC + BD + ACD NAND logic 


EXAMPLE 6.35 A circuit receives a 4-bit 5211 BCD code. Design the minimum SOP 
circuit to detect the decimal numbers 0, 2, 4, 6, and 8. 


Solution 


The input is a 5211 BCD code. Let it be ABCD. It is a 4-bit input. Tex, deser dé 
possible combinations of inputs, out of which only 10 combinations are = S um ee 
decimal digits. The remaining 6 combinations 0010, 0100, 0110, 1001, 1011, a IM ar 
invalid because they do not belong to 5211 code. So, the corresponding outpu 

cares, The truth table of the SOP circuit is shown below. 


Decimal 521 
number 


Code Output Decimal 


1 
AB 
00 
00 
00 
01 
01 


The problem may be stated as 
f= 5 m(0, 3, 7, 10, 14) + d(2, 4, 6, 9, 11, 13) 


The K-n , its minimization, and the realization of the minimal expression in NAND 
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logic are shown below. 


OO OP»IO! » 
DN 


fmn = AD + AC + CD 


i 
È 
Fi 
3 


EXAMPLE 6.36 The inputs to a computer circuit are the 4 bits of the binary number 
A3A;A,A,. The circuit is required to produce a 1 if and only if all of the following conditions 
hold. 


1. The MSB is a 1 or any of the other bits are a 0. 
2. A; is a 1 or any of the other bits are a 0. 
3. Any of the 4 bits are a 0. 
Obtain a minimal expression. 
Solution á 
From the statement, the Boolean expression must be in the POS form given by 


RE NN TER AE A EEA 


where each non-complemented variable represents a 1 and the complemented variable a 0. 
Since X - X = X, the minimal expression is given by 


=a wu "T 
(Ay + A, + Ay + Ay) (A, +A, + A, + Ay) (Ay + ADU + Ao) 
+ A, + Ay) (Ay + A, + Ao) 


each of the following circuits that can be built using AOI logic and 


input is an odd number from 0 to 9. 
e translated to a number that uses the upper right segment of a 


god! Wo noi 
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Solution 
(a) The output is a 1 when the input is a 4-bit hexadecimal odd number from 0 to 9. 
There are 16 possible combinations of inputs, and all are valid. The output is a 1 
only for the input combinations 0001, 0011, 0101, 0111, and 1001. For all other 
combinations of inputs, the output is a 0. The problem may thus be stated as f = 
X m(1, 3, 5, 7, 9). The K-map, its minimization, and the realization of the minimal 
expression in AOI logic are shown below. 


o> 


oom 


fan = AD + BCD Logie diagram 


(b) We see from the figure below that display of digits 0, 1, 2, 3, 4,7, 8, and 9 vont 
the upper-right segment of the seven-segment display. Since the X isa s 
BCD, inputs 1010 though 1111 are invalid, and therefore, the corresponding outpi 
are don't cares. The problem may be stated as 


f= E m(0, 1, 2, 3, 4, 7, 8, 9) + d(10, 11, 12, 13, 14, 15) 


0123455189 


Seven-segment display - 
The K-map, its minimization, and the realization of the minimal expression using AOI 
logic are shown below. 


Logic diagram 
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EXAMPLE 6.38 A staircase light is controlled by two switches, 
Stairs and the other at the bottom of the stairs. 
(a) Make a truth table for this system. 
(b) Write the logic equation in the SOP form. 
| (c) Realize the circuit using AOI logic. 
(d) Realize the circuit using minimum number of. (i) NAND gates, (ii) NOR gates. 
Solution 


one is at the top of the 


| Let the switches be S, and S}. A staircase light is ON only when one of the Switches is 
ON. It is OFF when both the switches are ON, or when both the switches are OFF. The 
truth table and the AOI logic diagram are shown below. 


Truth table - 
—————— at 
Inputs Output & 
S, $ f F 
0 0 p min 
0 1 
d NND 1 8, 
17 0 S, 


AOI Logic diagram 


The logic diagrams using NAND gates and NOR gates, respectively, are also shown below. 
ee given operation is XOR of S, and S;. Therefore, the logic equation is f = S,S, 
* SS. 


NAND logic NOR logic 
f= SS; + S,s, f= SS, + S,S, 
E Pss rEs \-35)+ Es, 
= BS NM M LIS Me 
SS; + S3) + S(S, * $)) =S, +S, +S) +S; 


a $(85:) + SASS) = (S, *S)(; *$) + (S, + SS, + 8) 


ETA se ; 
= Sı + (Si + S2) -S2 - (S; - S3) =8,+5,-S, ES, ysis 


=S; +S, +S, + S, +S, +S, 


combinational circuit that accepts a 3-bit BCD number and 
number equal to the square of the input number. 
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Solution 
The square of a 3-bit number is a 6-bit number. The truth table of the combinational circuit 
is shown below. 


Truth table 
Inputs Ouputs 
A B c X Xs X X X X 
0 0 0 Ornos mORO a0 0 
0 0 1 D de Ove Or, TO» uni c ud 
0 1 0 0 0 0 1 0 0 
0 1 1 DUO d Ut Uni 
1 0 0 ouo <4 Ug» MONA odo 
1 0 1 Ost Jerrad PRO, t 
1 1 0 1 0 qoom 0 0 
1 1 1 1 1 OF 0pm ‘Od 


The minimal expressions for the outputs as seen from the table are: 


X, = ABC + ABC + ABC + ABC - C 
x,=0 
X, = ABC + ABC = BC 
X, = ABC + ABC = C(A 0 B) 
X, = ABC + ABC + ABC = A(B + C) 
X, = ABC + ABC = AB 

A logic diagram can be drawn based on the above equations. 


EXAMPLE 6.40 A safe has 5 locks v, w, x, y, and z; all of which must be unlocked for 
the safe to open. The keys to the locks are distributed among five executives in the 
following manner. 


Mr. A has keys for locks v and x. 
Mr. B has keys for locks v and y. 
Mr. C has keys for locks w and y. 
Mr. D has keys for locks x and z. 
Mr. E has keys for locks v and z. 


(a) Determine the minimal number of executives required to open the safe. 


i jinati i the safe; write an expression 
b) Find all the Ibinations of executives that can open j e 
i f(A, B, C, D, E) which specifies when the safe can be opened as a function of 


what executives are present. 
(c) Who is the essential executive? 
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Solution 
The following table indicates the executives and the locks they can open. 


Executive Keys for locks 
wr wo x y z 

Mr.A " ° 

Mr. B . . 

Mr.C . 

Mr.D . . 

Mr. E . . 


———n———— n or. 


We see that the key for lock w is only with Mr. C. So, Mr. C is the essential executive, 

without whom the safe cannot be opened. Once C is present, he can open lock y too. As 

| seen from the table, the remaining locks v, x, and z can be opened by A and D or A and 

E or B and D or D and E. So the combinations of executives who can open the locks are 
CAD or CAE or CBD or CDE. 


The Boolean expression Corresponding to the above statement is 
f(A, B, C, D, E) = CAD + CAE + CBD + CDE 
The minimal number of executives required is 3. 


EXAMPLE 6.41 You are presented with a set of requirements under which an insurance 
policy can be issued. The applicant must be: 


l. a married female 25 years old or over, or 

2. a female under 25, or 

3. a married male under 25 who has not been involved in a car accident, or 

4. a married male who has been involved in a car accident, or 
~ 5. a married male 25 years or over who has not been involved in a car accident. 
x Find an algebraic expression which assumes a value 1 whenever the policy is issued. 
Simplify the expression obtained. 
Solution 
Let the variables w, x, y, and z assume the truth value in the following cases. 


be issued when any one of the conditions 1, 2, 3, 4, or 5 is met. The 
id 5 are represented algebraically by xy Z, yz, xyzw, xyw, xyZW. 

fw, X, Y, Z)= xyZ + yz + XyzW + xyw + xyzw 

Y = XyW(z + Z) + xyw + y(z + xz) 
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= xyw + xyw + y(z + z) (z^ x) 
= xy(w + W) + y(z + x) 

= xy + xy + yz 

x(y + y) + yz 

snr Iy Z 


So the policy can be issued if the applicant is either married or is a female under 25. 


EXAMPLE 6.42 An air-conditioning unit is controlled by four variables: temperature T, 
humidity H, the time of the day D, and the day of the week W. The unit is turned on under 
any of the following circumstances. 
1. The temperature exceeds 78° F, and the time of the day is between 8 a.m. and 5 p.m. 
2. The humidity exceeds 85%, the temperature exceeds 78° F, and it is a weekend. 
3. The humidity exceeds 85%, the temperature exceeds 78° F, and the time of day 
is between 8 a.m. and 5 p.m. 
4. It is Saturday or Sunday and humidity exceeds 85%. 
Write a logic expression for controlling the air-conditioning unit. Simplify the expression 
obtained as far as possible. 
Solution 


Define the variables: 


(a) T = 1, if the temperature exceeds 78° F. 

(b) H = 1, if the humidity exceeds 85%. 

(c) D = 1, if the time of the day is between 8 a.m. and 5 p.m. 
(d) W = 1, if it is weekend, i.e. Saturday or Sunday. 


The circumstances 1, 2, 3, and 4, respectively, are then given algebraically as, TD, 
HTD, HTW, and WH. Therefore, the Boolean expression for turning on the machine is 


f= TD + HTD + HTW + WH 
= TD(1 + H) + HW(1 + T) = TD + HW 


if the temperature exceeds 78° F and the time 
kend and humidity exceeds 85%. 


So the air-conditioning unit is turned on, if the 
of the day is between 8 a.m. and 5 p.m, or if it is a weel 


EXAMPLE 6.43 Five soldiers A, B, C, D, and E volunteer to perform an important military 
task if their following conditions are satisfied. 

- Either A or B or both must go. 

- Either C or E but not both must go. 

- Either both A and C go or neither goes. 

- If D goes, then E must also go. 

- If B goes, then A and C must also go- 


^ot -— 
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Define the variables A, B, C, D, and E, so that an unprimed variable will m 
corresponding soldier has been selected to go. Determine the expression which 
combinations of volunteers who can get the assignment. 


Solution 


ean that the 
Specifies the 


Analyzing the problem to perform the task, the first condition is, either A or B or both must 
go. 


Case I. Suppose A goes, then according to condition 3, C must also go. If C goes, then 
according to condition 2, E cannot go. Then according to condition 4 when E is 


not going, 
D also cannot go. So D does not go. So A and C can go to perform the task 


Case 2. When B goes, according to condition 5, A and C must go. When C goes, E cannot 
go, and when E cannot go, D also cannot go. So, the second combination of soldiers who 
can perform the task is ABC. 


Case 3. When both A and B go, C has to go. When C goes, E and therefore, D cannot 
go. This is the same as the second combination ABC. 

So, the conclusion is either A and C, or A, B and C can go and perform the military 
task. Therefore, 

f = AC + ABC 
= AC (1 + B) = AC 

So, the minimal combination of soldiers who can get the assignment is A and C. 
EXAMPLE 6.44 A circuit receives a 4-bit excess-3 code. Design a minimal circuit to detect 
the decimal numbers 0, 1, 4, 6, 7, and 8. 
Solution 
The input is a 4-bit excess-3 code. There are 16 possible combinations of 4-bit inputs. Out 
of these, 10 combinations represent valid excess-3 code. The remaining 6 are invalid. 
Hence, the corresponding outputs are don't cares. For a minimal design, we find the 


minimum SOP form, the minimum POS form and then we take the minimal of these two 
minimums. The Boolean expression in terms of minterms is 


f= E mG, 4, 7, 9, 10, 11) + d(0, 1, 2, 13, 14, 15) 


W. 


Decimal Output 
number 
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The K-maps in the SOP and POS forms, their minimization, the minimal expressions 
iex Ke! 


ined from each and the actual minimal circuit in the NOR logic are all shown below. 
obtaine 


cD 


cD AB 


oo 01 11 10 00 01 11 


AB 


OO DOM OO»! 
3 


{,.=CD+AD+AC+ACD frn = (A +C + D)\(B+C +D) (B+C+D) Logic diagram 
EXAMPLE 6.45 Design a minimal circuit to produce an output of 1, when its input is a 
2421 code representing an even decimal number less than 10. 


Solution 


i inati 00, 1001 and 1010 are invalid 
de, the input combinations 0101, 0110, 0111, 1000, ) l i 
i he Since ipi are don't cares. The Boolean expression for this problem is 


f = E m(0, 2, 4, 12, 14) + d(5, 6, 7, 8, 9, 10) 


The truth table is shown below. 


Truth Table 
Decimal 2421 code Output Decimal 2421 code Output 
number ABI CD number A B - 
0 0000 1 5 1-0 S : ^ 
1 0710-70" 1 0 6 1. 1 T : 
2 OLIO, a 0) 1 7 et td 1 
3 Oy Y S 0 8 ti ^ X 
4 OPE 1 9 t 


their minimization, the minimal expressions 


RS A il 
obtained from each, and the logic diagram based on the real m pees are al 
Shown below. In this case, both the SOP and POS minimal forms ar 


The K-maps in SOP and POS forms, 


Logic diagram 


Erara 


— MT 
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EXAMPLE 646  A,A,A;A, is an 8421 BCD input to a logic circuit whose output is a | 
when A, = 0, A, = 0 and A; = 1, or when Ag = 0 and A, = 1. Design the simplest possible 
logic circuit. 


Solution 
Denote the non-complemented variable by a 1 and the complemented variable by a 0. The 
equation for the output is 
f= A,A4A; + AgAy 
Now expand it to get it in the standard SOP form. Therefore, 
f= A,A,AYA, + Aj) + AA (A, + A5) (Aj + Ay) 

= 001X + 01XX 

= 0010 + 0011 + 0100 + 0101 + 0110 + O11) 

= Em 3 43 6,7) 


The input is a 4-bit BCD. So there are 6 invalid combinations (10, 11, 12, 13, 14, 15) 
and the corresponding outputs are don't cares. So, the Boolean equation is 


f= E mQ, 3, 4, 5, 6, 7) + d(10, 11, 12, 13, 14, 15). 


Obtain the minimal expressions in SOP and POS forms and implement the minimal of 
these minimals. The K-maps in SOP and POS forms, their minimization, the minimal 


expressions obtained from each, and the logic diagram based on the minimal expression are 
all shown below. 


A f 
Lat 
Logic diagram 


Make a K-map of the following expression and obtain the minimal SOP 


f Er 
AB * AC * C * AD + ABC + ABC 
X] x 


dard SOP form and minimize it. The expression can 
K-map. Each of the terms can be directly mapped as 


E 
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AB = ABXX (1 IXX)—A-7HB- E; C and D can be a 0 or a l, i.e. the entire 
third row (miz miss Mig and ms). 

AG = AXCX(1 X 0 X) > A = 1, C = 0; B and D can be a 0 or a 1, ie. the 
intersections of the third and fourth rows with the first and second columns (mg, m, and 
in 
e i.e. the entire third 

C-2XXCX(XX1X)2C- 1, A, B, and D can be a 0 or a 1, i.e. the entire 
and fourth columns (m;, m, mg m; and Mio, mj, M4, ms). 

AD = AXXD (1 XX 1) > A= l, D= 1; Band C can be a0 ora 1, i.e. the intersection 
of the third and fourth rows with the second and third columns (mg, m,, and mj, M45). 

ABC = ABCX (101 X) > A = 1, B = 0, C = I; D can be a 0 or a 1, i.e. the 
intersection of the fourth row with the third and fourth columns (mj, and m;;). : 

ABC-ABCX(111X)—A-71,B- 1, C= 1; D can bea 0 ora 1, i.e. the intersection 
of the third row with the third and fourth columns (m,, and mjs). 


The K-maps, the minimal SOP and POS expressions, and the logic diagram are shown 
below. Both the SOP and POS forms give the same minimal expression. 


cD 


EXAMPLE 6.48 A lawn sprinkling system is controlled automatically by certain 
combinations of the following variables. 


Season (S = 1, if summer; 0, otherwise) 

Moisture content of soil (M = 1, if high; 0, if low) 

Outside temperature (T = 1, if high; 0, if low) 

Outside humidity (H = 1, if high; 0, if low) 

The sprinkler is turned on under any of the following circumstances. 
i is low in winter. $ 

2 = Ag ee and the moisture content Hs low wise 
. The temperature is high and the humidity is high in summe geha 
- The temperature is low and the moisture content is low in S A 
. The temperature is high and the humidity is low. 
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Use a K-map to find the simplest i i ion i i i 
possible logic expression involving th 
and H for turning on the sprinkler system. BONN: 


Solution 


The given circumstances l, 2, 3, 4, and 5 are expressed in terms of the defined 
variables S, M, T, and H as MS, TMS, THS, TMS, and TH, r i 
B , > , > , T€ t 5 
The Boolean expression is pa 
SM + SMT + STH + SMT + TH 
=OOXX+101X +1 X11+100X *'XXI0 


The expressions in terms of minterms and maxterms are 


E m(0, 1, 2, 3, 6, 8, 9, 10, 11, 14, 15) 
II M4, 5, 7, 12, 13) 
The K-maps in the SOP and POS forms, their minimization, the minimal expressions 


obtained from each, and the logic diagram in the SOP form are all sho 
5 below. 
SOP and POS forms give the same minimum. MEUS 


TH TH 
01 11 


ma E a0 


fan =M+ST+TH f, = (M+ TXS + M + A) Logic diagram 


6.15 QUINE-MCCLUSKY METHOD 


The minimization of Boolean expressions using K-maps i imi i 
i 4 -maps is usually limited to a maximum of 
six variables. The Quine-McClusky method, also known as the tabular method, is a more 
method of minimizing expressions of even larger number of variables. This is 
id computation as well as computation by machines. 
A which this tabulation procedure is based is that, repeated 
combining theorem PA + PA = P (where P is a set of literals) on all 
T m yel the set of all prime implicants, from which a minimal sum 
WO) a. N15. 
ion of the expression 
K M Md Masi l M15, hi 
m, 1, 4, 5) = ABC + ABC + ABC + ABC 


al 
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‘The first two terms, and the third and fourth terms can be combined to yield 


AB(C + C) + AB(C + C) = AB + AB 


n can further be reduced to 
B(A + A)=B 

In the first step, we combined two pairs of adjacent terms, each of 3 literals per term, 
into two terms each of two literals. In the second step, these two terms are combined again 
and reduced to one term of a single variable. 

The same result can be obtained by combining m, and m, and m, and m; in the first 
step and the resulting terms in the second step. Minterms m,(A BC) and m,(A BC) are 
adjacent to each other because they differ in only literal C. Similarly, minterms m,(ABC) 
and m,(ABC) are adjacent to each other because they differ in only one literal C. Minterms 
m(A BC) and m.(ABC) or m(A BC) and m,(ABC) cannot be combined, being not 
adjacent to each other since they differ in more than one variable. If we consider the binary 
representation of minterms, mg(0 0 0) and m,(0 0 1), ie. 0 0 0 and 0 0 1, they differ in 
only one position. When combined they result in 0 0 —, i.e. variable C is absorbed. Similarly, 
m,(1 0 0) and m,(1 0 1), ie. 1 0 O and 1.0 1 differ in only one position. So, when 
combined, they result in 10 —. Now 0 0 — and 1 0 — can be combined because they differ 
in only one position. The result is a — 0 —. 

For the binary representation of two minterms to be different in just one position, it is 
necessary (but not sufficient) that the number of Is in those two minterms differ exactly 
by one. Consequently, to facilitate the combination process, the minterms are arranged in 
groups according to the number of Is in their binary representation. 

The procedure for the minimization of a Boolean expression by the tabular method may, 
therefore, be described as below. 

l. Arrange all minterms in groups of the same number of Is in their binary 
representation. Start with the least number of ls group and continue with 
groups of increasing number of Is. The number of Is in a term is called the 
index of the term. 

2. Compare each term of the 

group. Whenever possible, 
combining theorem. Repeat this by comp 
every term in the group of index i * 
combining theorem have been exhausted. 
Two terms from adjacent groups are combinal i x 
differ by just a single digit in the same position; the combined terms consist of the 
original fixed representation with the differing one replaced by a dash (-). Place a 
check mark (V) next to every term, which has been combined with at least one 
term (each term may be combined with several terms, but only a single check is 
required). 

3. Compare the terms generated in step 2 in the 
which differ by only a single 1 and whose da 


This expressio 


lowest index group with every term in the succeeding 
combine the two terms being compared by means of the 
aring each term in a group of index i with 
1, until all possible applications of the 


ble, if their binary representations 


same fashion; combine two terms 
shes are in the same position to 


ee 
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generate a new term. Continue the process until no further combinations are 
Possible. The remaining unchecked terms constitute the set of prime implicants of 
the expression. They are called prime implicants because they are not covered by 
any other term with fewer literals. 


The Decimal Representation 


The tabulation procedure can be further simplified by adopting the decimal code for the 
minterms, rather than the binary representation. Two minterms can be combined, only if 
they differ by a power of 2; that is, the difference between their decimal codes is 2^. The 
combined term consists of the same literals as the minterms with the exception of the 
variable whose weight is 2^, being deleted. For example, minterms Mp (0000) and m; 
(1000) differ by 8 = 2°. So, they can be combined and the combined term can be written 
as 0, 8 (8), instead of — 0 0 0. The 8 in the parentheses indicates that the variable A whose 
weight is 8 can be deleted. 

The condition that the decimal codes of two combinable terms must differ by a power 
of 2 is necessary but not sufficient. The terms whose codes differ by a power of 2, but 
which have the same index cannot be combined, since they differ by more than one 
variable. For example 2 and 4, 2 and 8, 4 and 8, 10 and 12, etc. cannot be combined. 
Similarly, if a term with a smaller index has a higher decimal value than another term whose 
index is higher, then the two terms cannot be combined although they may differ by a 
power of 2; for example, minterms 9 and 7, 17 and 13, 20 and 19, 25 and 23, etc. cannot 
be combined although they differ by a power of 2. Except for the above phenomenon, the 
tabulation procedure using decimal representation is completely analogous to that using 
binary representation. In practice, only the decimal representations are used. 


EXAMPLE 6.49 Obtain the set of prime implicants for E m(0, 1, 6, 7, 8, 9, 13, 14, 15) 
using the binary designations of minterms. 
Saluti; 


Group the minterms in terms of the number of Is present in them and write their binary 
designations. The procedure to obtain the prime implicants is shown in the table below. 


Column 2 Column 3 
ABCD ABCD 
0 1() 000- v 01,89(1,8 -00- Q 
DM OLOLULE. secs Iad sacs owe 
1, 9 (8) 001v 
8, 9 (1) oo-v 
6, 7 (1) dad ee o 
A, Misa, 
-015s 
y 4r 
1- 1R 
T4 = 
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Starting with the index 0 group, compare each term in this group with every term in 

index 1 group. Repeat this procedure with the index groups | and 2, 2 and 3, and 3 
tie " Combine the terms if they differ in only one position and generate a new term and 
ks d it in column 2. Check off the terms of column 1 which are combined. Repeat the 
pen procedure for the groups formed in columns 2 and 3 too. The detailed procedure is 
given below: : i f 

Comparing the terms of index 0 with the terms of index 1 of column 1, mo(0000) is 
combined with m,(0001) to yield 0, 1 (1), i.e. 000 —. This is recorded in column 2 and 
0000 and 0001 are checked off in column 1. mj(0000) is combined with m,(1000) to yield 
0, 8 (8), i.e. — 000. This is recorded in column 2 and 1000 is checked off in column 1. Note 
that 0000 of column | has already been checked off. No more combinations of terms of 
index 0 and index 1 are possible. So, draw a line below the last combination of these 
groups, i.e. below 0, 8 (8), — 000 in column 2. Now 0, 1 (1), i.e. 000— and 0, 8 (8), 
ie. —000 are the terms in the first group of column 2. 

Comparing the terms of index 1 with the terms of index 2 in column 1, m,(0001) is 
combined with m,(1001) to yield 1, 9 (8), i.e. — 001. This is recorded in column 2 and 1001 
is checked off in column 1 because 0001 has already been checked off. mj(1000) is 
combined with m,(1001) to yield 8, 9 (1), i.e. 100—. This is recorded in column 2. 1000 
and 1001 of column 1 have already been checked off. So, no need to check them off again. 
No more combinations of terms of index 1 and index 2 are possible. So, draw a line below 
the last combination of these groups, i.e. 8, 9 (1), — 001 in column 2. Now 1, 9 (8), i.e. 
—001 and 8, 9 (1), i.e. 100— are the terms in the second group of column 2: 

Similarly, comparing the terms of index 2 with the terms of index 3 in column 1, 


m,(0110) and m,(0111) yield 6, 7 (1), i.e. 011-. Record it in column 2 and check off 
6(0110) and 7(0111). 
m,(0110) and m,,(1110) yield 6, 14 (8), i.e. 1 10. Record it in column 2 and check 
off 6(0110) and 14(1110). 
m,(1001) and m;4(1101) yield 9, 13 (4), i.e. 1-01. Record it in column 2 and check 
off 9(1001) and 13(1101). 
So, 6, 7 (1), ie. O11-, and 6, 14 (8), ie. —110 and 9, 13 (4), i.e. 1-01 are the terms in 
group 3 of column 2. Draw a line at the end of 9, 13 (4), i.e. 1-01. 
Also, comparing the terms of index 3 with the terms of index 4 in column 1, 


m;(0111) and m;4(1111) yield 7, 15 (8), i.e. 111. Record it in column 2 and check 
off 7(0111) and 15(1111). 

mis(1101) and m,,(1111) yield 13, 15 (2), ie. 11-1. Record it in column 2 and check 
off 13 and 15. 

m,,(1110) and m,,(1111) yield 14, 15 (1), ie. 111-. Record it in column 2 and check 
off 14 and 15. 


So, 7, 15 (8), ie. -111, and 13, 15 (2), ie. 11-1 and 14, 15 (1), ie. 111- are the terms 
in group 4 of column 2. Column 2 is completed now. : mh 
Comparing the terms of group 1 with the terms of group 2 in column 2, t e i 
9, 1 (D, ie. 000— and 8, 9 (1), ie. 100— are combined to form 0, 1, 8, 9 (l, 8), ie. —00- 
Record it in group 1 of column 3 and check off 0, 1 (1), i.e. 000-, and 8, 3:066. 180 
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of column 2. The terms 0, 8 (8), i.e. —000 and 1, 9 (8), i.e. —001 are combined to form 
0, 1, 8, 9 (1, 8), ie. -00—. This has already been recorded in column 3. So, no need to 
record again. Check off 0, 8 (8), ic. -000 and 1, 9 (8), i.e. —001 of column 2. Draw 
a line below 0, 1, 8, 9 (1, 8), i.e. —00-. This is the only term in group 1 of column 3. No 
term of group 2 of column 2 can be combined with any term of group 3 of column 2. So, 
no entries are made in group 3 of column 2. 

Comparing the terms of group 3 of column 2 with the terms of group 4 of column 2, 
the terms 6, 7 (1), ie. O11-, and 14, 15 (1), ie. 111— are combined to form 6, 7, 14, 
15 (1, 8), i.e. -11—. Record it in group 3 of column 3 and check off 6, 7 (1), ie. 011— 
and 14, 15 (1), ie. 111- of column 2. The terms 6, 14 (8), i.e. -110 and 7, 15 (8), i.e. 
—111 are combined to form 6, 7, 14, 15 (1, 8), i.e. -11-. This has already been recorded 
in column 3; so, check off 6, 14 (8), i.e. -110 and 7, 15 (8), i.e. -111 of column 2, 

Observe that the terms 9, 13 (4), i.e. 1-01 and 13, 15 (2), i.e. 11-1 cannot be com- 
bined with any other terms. Similarly in column 3, the terms 0, 1, 8, 9 (1, 8), ie. -00— 
and 6, 7, 14, 15 (1, 8), i.e. —11— cannot also be combined with any other terms. So, these 
4 terms are the prime implicants. 

The terms, which cannot be combined further, are labelled as P, Q, R, and S. These 
form the set of prime implicants. 


EXAMPLE 6.50 Obtain the set of prime implicants for E m(1, 2, 3, 5, 6, 7, 8, 9, 12, 13, 15) 
using the decimal designations of minterms. 

Solution 

The procedure to obtain the set of prime implicants is illustrated in the table below. 


Step 2 Step 3 
eee | ee 


1,3 (2) 7 577122] T 
1, 5 (4) ¥ 9, 13 (4,8) S 
1,9 (8)¥ — 6,7 (1,4) R 
2,3 (1) v , 12, 13 (1, 4) Q 
2,6 (4) ¥ , 13, 15 (2, 8) P 
8,9 (1)v 

8, 12 (4) v 

EXACEAM 

5,7(2)* 

5, 13 (8) v 

6,7()v* 

9, 13 (4) v 

12, 13 (1) v 

7, 15 (8) v. 


EE TE 13, 15 (2) v 


terms P, Q, R, S and T are recorded as prime implicants. 


NN 5 7:157150; 5 -X LX 1 -'BD 
Son iL v3 
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(Literals with weights 2 and 8, i.e. C and A are deleted. The lowest minterm is 5 = (4 + 
1). So, literals with weights 4 and 1, i.e. B and D are present in non-complemented form. 
So, read it as BD.) 


Q > 8, 9, 12, 13 (1, 4)=1X0X=AC 
(Literals with weights 1 and 4, i.e. D and B are deleted. The lowest minterm is 8 = (8 + 
0). So, literal with weight 8 is present in non-complemented form and literal with weight 
2 is present in complemented form. So, read it as AC.) 


R > 2, 3, 6,7 (1, 4)=0X1X= AC 
(Literals with weights 1 and 4, i.e. D and B are deleted. The lowest minterm is 2. So, literal 


with weight 2 is present in non-complemented form and literal with weight 8 is present in 
complemented form. So, read it as AC.) 


SEI S015 (Sy =k OT =D 


(Literals with weights 4 and 8, i.e. A and B are deleted. The lowest minterm is 1. So, literal 
with weight | is present in non-complemented form and literal with weight 2 is present in 
complemented form. So, read it as CD.) 


T > 1, 3,5,7(2,4)=0XX1=AD 


(Literals with weights 2 and 4, i.e. C and B are deleted. The lowest minterm is 1. So, literal 
with weight 1 is present in non-complemented form and literal with weight 8 is present in 


complemented form. So, read it as AD.) 


Don't Cares 


When don't care terms are present in an expression, during the process of generating the 
set of prime implicants, don't care combinations are regarded as true combinations, i.e. 
combinations for which the expression assumes a l. This, in effect, increases to the 
maximum, the number of possible prime implicants. The don't care terms are, however, not 
considered in the next step of selecting a minimum set of prime implicants. 


EXAMPLE 6.51 Obtain the set of prime implicants for the following expression: 
E m(6, 7, 8, 9) * d(10, 11, 12, 13, 14, 15) 
Solution 


Treat the don't cares as minterms and apply the usual procedure as shown in the table on 
the next page. From this above table, we see that the prime implicants are P — 8,:9, 10, 
11, 12, 13, 14, 15 (1, 2, 4) and Q — 6, 7, 14, 15 (1, 8). The term 6, 7, 14, 15 (1, 8) 
means that literals with weights 1 and 8, i.e. D and A are deleted and the lowest designated 
minterm is m,(4 + 2), i.e. literals with weights 4 and 2 are present in non-complemented 
form. So it is read as BC. The term 8, 9, 10, 11, 12, 13, 14, 15 (1, 2, 4) means that literals 
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Step 1 Step 2 Step 3 Step 4 
8v 8&9()nv 8, 9, 10, 11 (1, 2) v 8, 9, 10, 11, 12, 13, 14, 15 (1, 2, 4) P 
nor cs) v. 589. 12. 13 (1, 4) V 
9v RREA 8, 10, 12, 14 (2, ) Y 
Y 6.72 0) v 6, 7, 14, 15 (1,  Q 
12v 6,14(8 v 9, 11, 13, 15 (2 4) V 
TWO S280 Cyr 10, 1, t4 I5 (1,9. V 
Mu 930) v 12.13, I4; IS (5, 2) V 
13 v. 10, 11 (1) v 
14 v 10, 14 (4) V 
I5Y 2,13 () Y 
12, 14 (2) v 
7, 15 (8) v 
11, 15 (4) v 
13, 15 (2) ¥ 
14, 15 (1) ¥ 


with weights 1, 2, and 4, i.e. D, C, and B are deleted. The lowest designated minterm is 
E mg. So, literal with weight 8 is present in non-complemented form. So, it is read 
as 


The Prime Implicant Chart 


The prime implicant chart is a pictorial representation of the relationships between the prime 
implicants and thé minterms of the expression. It consists of an array of u columns and 
v rows where u and v designate the number of minterms for which the expression takes 
on the value of a 1 and the number of prime implicants, respectively. The entries of the ith 
row consist of xs placed at the intersections with the columns corresponding to minterms 
covered by the ith prime implicant. For example, the prime implicant chart of the expression 


E m(l, 2, 3, 5, 6, 7, 8, 9, 12, 13, 15) 


is as shown in the table below. It consists of 11 columns corresponding to the number of 
-minterms and 5 rows corresponding to the prime implicants P, Q, R, S, and T generated 
Example 6.50). Row R contains four xs at the intersections with columns 2, 3, 6, and 
these minterms are covered by the prime implicant R. A row is said to cover 
in which it has xs. The problem now is to select a minimal subset of prime 
t each column contains at least one x in the rows corresponding to the 
the total number of literals in the prime implicants selected is as small 
T guarantee that the number of unions of the selected prime 
D: the original number of minterms and that, no other expression 

can be found, 


v v 


*P > 5, 7, 13, 15 (2, 8) 
*Q > 8, 9, 12, 13 (1, 4) 
*R — 2, 3, 6, 7, (1, 4) 
S > 1, 5, 9, 13 (4, 8) 
T21,3,5,7(24) 


Essential Prime Implicants 


Essential prime implicants are the implicants which will definitely occur in the final 
expression. Any row in a prime implicant chart which has at least one minterm that is not 
present in any other row is called the essential row and the corresponding prime implicant 
is called the essential prime implicant. In other words, if any column contains a single x, 
the prime implicant corresponding to the row in which this x appears is the essential prime 
implicant. Once an essential prime implicant has been selected, all the minterms it covers 
are checked off. After all the essential prime implicants and their corresponding columns 
have been checked, the union of all the essential prime implicants yields the minimal 
expression. If this is not the case, additional prime implicants are necessary. 

In the preceding prime implicant chart, m; and m, are covered by R only. So, R is an 
essential prime implicant. So, check off all the minterms covered by it, i.e. mj, m3, me, and 
m,. Q is also an essential prime implicant because only Q covers mg and mj). Check off 
all the minterms covered by it, ie. mg, mọ m; and mj. P is also an essential prime 
implicant, because m,; is covered only by P. So check off mys, ms, m;, and m}, covered 
by it. Thus, only minterm 1 is not covered. Either row S or row T can cover it and both 
have the same number of literals. Thus, two minimal expressions are possible. 


P+Q+R+S=BD+AC + AC + CD 
or 


P+Q+R+T=BD+AC+AC+AD 


Don't Care Combinations 


Don’t care minterms need not be listed as column headings in the prime implicant chart 
since they do not have to be covered by the minimal expression. By not listing them, we 
actually leave the specification of don’t care terms open. The prime implicant chart, thus, 
yields a minimal of an expression, which covers all the specified minterms. For example, 
in the prime implicant chart of E m(6, 7, 8, 9) + d(10, 11, 12, 13, 14, 15) shown in the 
table below, all the don’t care minterms are omitted. 


*P > 8, 9, 10, 11, 12, 13, 14, 15 (1, 2, 4) 
*Q > 6, 7, 14, 15 (1, 8) 
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As seen from the above table, P and Q are both essential prime implicants. So, the 
minimal expression is A + BC. 


Dominating Rows and Columns 


Two rows (or columns) I and J of a prime implicant table, which have xs in exactly the 
same columns (or rows) are said to be equal (written I — J). 

A column I in a prime implicant chart is said to dominate another column J of that 
chart, if column I has an x in every row in which column J has an x. Any minimal 
expression derived from a chart which contains both columns I and J can be obtained from 
3 chart containing the dominated column. Hence, if column I dominates column J, then 
column I can be deleted from the chart without affecting the search for a minimal 
expression. 

A row I in a prime implicant chart is said to dominate another row J, if row I has an 
| X in every column in which row J has an x. Any minimal expression derived from a chart 
which contains both rows I and J can be derived from a chart which contains only the 
dominating row. Hence, if row I dominates row J, then row J can be deleted from the chart 
without affecting the search for a minimal expression. 


Determination of Minimal Expressions in Complex Cases 


In simple cases, we can determine the minimal expression by simply inspecting the prime 
implicant chart. In more complex cases, however, the inspection method becomes prohibitive. 
Here, the procedure is: First determine the essential prime implicants from the prime 
implicant chart. Second, form a reduced chart by removing all essential prime implicants 
and the columns covered by them. Although, none of the rows in the reduced chart is 
essential, only some of them may be removed. Third, remove all the dominating columns 
and the dominated rows of this reduced chart and form a new reduced chart. Fourth, look 
for the secondary essential prime implicants in the new reduced chart, and form another 
chart by removing the secondary essential prime implicants and the columns covered by 
them and write the minimal expression in SOP form. Continue the process, if required. 


EXAMPLE 6.52 Minimize the following expression: 


Z m(0, 1, 2, 8, 9, 15, 17, 21, 24, 25, 27, 31) 


Solution 
MS tabl m H B " 
The following e shows the procedure for obtaining all the prime implicants. 


CAR A Pep 1 Step 2 Step 3 
IndexO 0 v Din 15 (1): vo 0,1, 8 9 (1,8) R 
ras dev gays 1.9, 17, 25 (8, 16) Q 
Zar o 8 (8) v 8,9, 24, 25 (1, 16) P 
pro 1, 9 (8) v 
PEA 1, 17 (16) v 
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Contd. 
Step 1 Step 2 Step 3 
d pant tne: IOP lun aban das po SIORI apor reoncagus. ASRA SUME EE 
Index2 — 17 ¥ 8,9. (1), v 
24 v 8, 24 (16) v 
Index3 217 9, 25 (16) v 
25 v 17,21 (4) W 
Index4 15 ¥ 17, 25 (8) v 
27 * 24, 25 (1) V 
Index5 317 25,27 (2) U 
15, 31 (16) T 
27,31 (4) S 


From the above table, we see that the prime implicants are P, Q, R, S, T, U, V, W, and 
X. The prime implicant chart is shown below. 


Y v v Y v Y 
1 8 9g— 15 37. 21 249253 (27) 31 
P > 8, 9, 24, 25 x x x x 
Q > 1, 9, 17, 25 x x x x 
R 90,1,8,9 x x x x 
S 227,31 x x 
*T => 15, 31 x x 
U > 25, 27 x x 
V > 24, 25 x x 
*W > 17, 21 x x 
Xx 20,2 x x 


: ime implican i red by T only, m 
W, and X are the essential prime implicants because m, is cove: b only, mz 
is 2 by W only and m, is covered by X only. Delete the essential prime implicants 
and the columns covered by them and form the reduced prime implicant chart as shown 


below. 


1 8 9 24 25 27 
P x x x x 
Q x E s 
R x a x 
s x 
uU x x 
v x x 


: i . So, remove column 9. Also 25 24 
> 8, i.e. column 9 dominates column 8. » 255 
ie. EH 25 dominates column 24, So remove column 25. cn U > S, Le. Tow U 
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— tes row S. So, remove row S. And P D V, i.e. row P dominates row V. So, remove 
row V. 

Draw the new reduced prime implicant chart after removing the dominating columns 
9 and 25 and the dominated rows S and V as shown below. 


P x x 

Q = 

R x x 

Zu. ES 


From the above new reduced prime implicant chart, we observe that P and U are the 
secondary essential prime implicants. Write another reduced table removing the secondary 
essential prime implicants and the columns covered by them. The further reduced chart is 
as shown below. 


Q x 
R x 
We can select Q or R because both have the same number of literals. Thu: t 
A E 5 t 
minimal expressions as follows: SNO LE pu 
T+W+X+P+U+Q=BCDE + ABDE + ABCE + BCD + ABCE + CDE 
or 
T+W+X+P+U+R=BCDE+ABDE+ ABCE + BCD + ABCE + ACD 


Determination of All Possible Minimal Expressions 


To get. all the possible minimal expressions after getting the essential prime implicants, derive 


= sr pe from the reduced prime implicant chart by multiplying the sums 
of the rows care of each minterm. For the above Example 6.52, from the reduced 
prime implicant chart, we get 
(Q + R) ( P + R) ( P + Q + R) (P+ V) (P + Q+U+ VX S +U) 
= PQS + PRS + RSV + PRU + PQU + RUV 

Out of these terms, PQS, PRS, PRU, and PQU yield th: ini i 
agree ms eu die yi e same minimum literals. So, 
dLT-W-X*P-*Q-S-BCDE-ABDE-* ABCE +BCD + CDE + ABDE 
+P +R +S = BCDE+ABDE+ABCE +BCD + ACD + ABDE 
+P+R+U-=BCDE+ABDE+ ABCE +BCD + ACD + ABCE 


: 0&3 -X-*P-Q-*U-BCDE-ABDE- ABCE +BCD + CDE + ABCE 
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The Branching Method 


If the prime implicant chart has no essential prime implicants, dominated rows and 
dominated columns, the minimal expression can be obtained by a different approach called 
the branching method. Here, we consider any column and note the rows which cover that 
column. Make an arbitrary selection of one of those rows and apply the normal reduction 
procedure for the prime implicant chart without this row and the selected column. The entire 
procedure is repeated for each row. Take the minimal of all such expressions obtained. 


EXAMPLE 6.53 Find the minimal expression for 
II MQ, 3, 8, 12, 13) - d(10, 14) 


Solution 

The tabulation method for the POS form is exactly the same as that for the SOP form. Treat 
the maxterms as if they are minterms and complete the process. While writing the minimal 
expression in the POS form, treat the non-complemented variable as a 0 and the complemented 
variable as a 1. The prime implicants are obtained as shown below. 


Step 1 Step 2 Step 3 

2 0v. 23 (0)S 8, 10, 12, 14 (2, 4) P 
8 * 2,10 (8)R 

div 8,10 (2)* 

10 v 8,12 (4) ¥ 

12 * 10, 14 (4) v 

toe 12, 13 (1)Q 

14 *« 12, 14 (2) ¥ 


BR LM ge RUEUEOENECEGI BO GER e 


There are four prime implicants P, Q, R, and S. Draw the prime implicant chart as shown 


below. 


*P — 8, 10, 12, 14 (2, 4) x x 
*Q > 12, 13 (1) 
R 2 2, 10 (8) x 


*8 22, 3 (1) * z 


is covered by P only. Further, mj, is covered by Q only and m, is covered 
P, Q, and S are the essential prime implicants. Check them out and the 
them. They cover all the minterms. So, the final expression is given by 


Here mg 
by S only. Therefore, 
minterms covered by 

POS = (A + D) (A + B + C) (A +B + C) (11 gate inputs) 


Therefore, the minimal of the POS and SOP forms is the SOP with 10 gate inputs. So, 


the actual minimal expression is AC + BC + ABD. 


| 
| 
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EXAMPLE 6.54 Obtain the minimal POS expression for 

II M(O, 1, 4, 5, 9, 11, 13, 15, 16, 17, 25, 27, 28, 29, 31) - II d(20, 21, 22, 30) 
Solution 
The prime implicants are obtained as shown below. 


Step 1 Step 2 Step 3 Step 4 
0*7 0,1 (1) 0, 1, 4, 5 (1, 4) Y 0,1, 4, 5, 16, 17, 20, 21 (1, 4, 16) R 
Y 0,4 (4) 0, 1, 16, 17 (1, 16) v 1,5, 9, 13, 17, 21, 25, 29 (4, 8, 16) Q 

Y 0, 16 (16) 0, 4, 16, 20 (4,16) v 9, 11, 13, 15, 25, 27, 29, 31 (2,4,16) P 

Y 1, 5 (4) 1, 5, 9, 13 (4, 8) va 

v 

Y 

Y 


1 
4 
16 
* 19(8) 
1, 17 (16) 
4,5(1) 
4, 20 (16) 
16, 17 (1) 
16, 20 (4) 


1, 5, 17, 21 (4, 16) 
1, 9, 17, 25 (8, 16) 
4, 5, 20, 21 (1, 16) 
16, 17, 20, 21 (1, 4) v 
5, 13, 21, 29 (8, 16) v 
9, 11, 13, 15 (2,4) v 


5, 21 (16) 

9, 11 (2) 

9, 13 (4) 

9, 25 (16) 
17, 21 (4) 
17, 25 (8) 
20, 21 (1) 
20, 22 (2) 
20, 28 (8) 
11,15 (4) v 
11, 27 (16) v 


9, 13, 25, 29 (4, 16) v 
17, 21, 25, 29 (4, 16) v 
20, 21, 28, 29 (1, 8) V 
20, 22, 28, 30 (2, 8) U 
11, 15, 27, 31 (4, 16) T 
13, 15, 29, 31 (2, 16) v 
25, 27, 29, 31 (2, 4) v 
28, 29, 30, 31 (1,2) S 


Y 
Y 
L4 
v 
Y 
Y 
Lut 
v 
Y 
Y 
5,13 (8) v 9, 11, 25, 27 (2, 16) v 
Y 
L4 
v 
Y 
We 
Y 
Y 
Y 
v 
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From the preceding table we see that there are seven prime implicants P, Q, R, S, T, 
U, and V. The prime implicant chart is shown below. 


“sh 
IT: 625.27, 28 KEIN 84 


Here, mọ, m, and mj, are covered by R only. So, R is an essential prime implicant. 
Remove row R and the minterms covered by it and form the reduced prime implicant chart 
as shown below. 


9 


x 
x 


Remove the dominating columns and the dominated rows. 
Column 31 > 11 = 15 = 27; 29 > 25 = 13 = 9. Columns 31, 15, and 27 dominate or equal 


column 11. Columns 29, 25, and 13 dominate or equal column 9. So, delete columns 31, 15, 
27, 29, 25, and 23. Row P > Q, P > T, S > U, S > V. That is, rows Q and T are dominated 
by row P and rows U and V are dominated by row S. So, delete rows Q, T, U and V. Draw 
the secondary reduced prime implicant chart as shown below. 


P and S are the secondary essential prime implicants. The minimal POS expression is, 
therefore, given by 


RPS = (B + D) (B + E) (A + B+ C) 


and which requires 10 gate inputs. 
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6.16 FUNCTION MINIMIZATION OF MULTIPLE OUTPUT CIRCUITS 


So far, we have discussed the minimization of the single switching functions by the Quine- 
McClusky method. In practice, many logic design problems have more than one output. For 
these problems, which are too large or complicated to be solved by K-maps, it is necessary to 
turn to the tabular method. The multiple switching-function minimization criterion is as 
follows: 


1. Each minimized function should have as many terms in common as possible with 
other minimized functions. 


2. Each minimized function should have a minimum number of product (sum) terms 
and no product (sum) term of it should be replaceable by a product (sum) term 
with fewer variables. 


The procedure for minimizing a set of m switching functions according to the above 
minimization criterion using the Quine-McClusky method is described below. 


Step 1: Find the prime implicants of the m switching functions. We use a single table to 
find the prime implicants of the m functions simultaneously by using the tag. Suppose we 
want to minimize the set of three output functions: 


fí(Xi, Xo» Xy X4) = = m(l; 2, 3, 5, 7, 8, 9) + E d(12, 14) 
£,(X,, X» X X4) = E m(0, 1, 2, 3, 4, 6, 8, 9) + E d(10, 11) 
f(Xi, Xo, Xy, X4) = E m(1, 3, 5, 7, 8, 9, 12, 13) + E d(14, 15) 


The single tabulation that can be used to find the prime implicants of the three functions 
simultaneously, is shown in Table 6.2. 

Note that the first column of step 1 of this table includes the minterms and the don't 
cares (represented in decimal numbers) of all three functions. They are grouped into groups 
as usual, according to the number of 1s in their binary representation. The second column 
of step | consists of a tag for each minterm (row) to indicate which of the output functions 
include the minterm. Each symbol of the tag corresponds to one of the output functions 
and is either a 0 or a 1 depending on whether the corresponding minterm is absent in the 
output function or present in the output function. For example, the tag for the first row is 


fot 4 
fne qun) 


which indicates that the ossi 0 is included in the output function fz, but is not included 
n 1 3° 

Ist, 2nd and 3rd reductions of the implicants to form prime implicants are the same 

n the single output technique. The tags of each row of steps 2, 3, and 4 in 

obtained by multiplying the tags of the corresponding implicants by 

i, that row is obtained. Note that, there is a 1 in the new tag only when 

th the original implicants. The tag of the implicant (0, 1) in the first row 
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Table 6.2 To find the prime implicants of three functions simultaneously 


actin UE ee a SS SS See 
Step 1 Step 2 Step 3 


fy fz fy hhh {teats 
00107 0, 1 (1) 010 | 12,3 (1.2) 0 10 
19119 7 0, 2 (2) 010 . 1, 8, 9 (1, 8) 0 0 


a 


0, 4 (4) 10 
0, 8 (8) 
1,3 (2) 
1, 5 (4) 
1, 9 (8) 
2,3(0 
2, 6 (4) 
2, 10 (8) 
4, 6 (2) 
8,9 (1) 
8, 10 (2) 
8, 12 (4) 


2110 
4010 
8111 


31.151 
5101 
6010 
1 
0 


, 2, 8, 10 (2, 8) 

, 2, 4, 6 (2, 4) 
+35, 7 (2, 4) 

. 3, 9, 11 (2, 8) 

, 5, 9, 13 (4, 8) 

, 3, 10, 11 (1. 8) 

, 9, 10, 11 (1, 2) 

. 9, 12, 13 (1, 4) 

n 7, 13, 15 (2, 8) 
12, 13, 14, 15 (1, 2) 


911 
10 0 1 

12101 

7101 

1010 

1300 1 
1410 1 7 (4) 
15001 . 11 (8) 
tag , 7 (2) 

. 13 (8) 

iis 2) 

9, 13 (4) 

10, 11 (1) 

12, 13 (1) 

12, 14 (2) 

7, 15 (8) 

13, 15 (2) 

14, 15 (1) 


2 B= x6 


“õa S Saha 
CReSSHEDTOKB 


ʻo- coc ooo 


ax = & 


ooo|2ooooo-o- 


v 
v 
v 
v 
v 
Y 
v 
v6 
v 
v 
Y 
v 
w 
» 


0,1,2,3,8,9,10,11 (1,2,8) 


wae -lzicORfOS. n] = 
AUS SE Ni Senate SK Sm vO S65 SO SD SG 


oocloo-o-oo-2o 


of step 2 in Table 6.2 is 


— 


fob 6 


— ———— 


0 1 0 

This is because, only the symbols of the tags of the minterms 0 and 1 under f; are both 
a 1. It should be noted that when the tag of the new cell implicant is (0, 0, 0), it means 
that none of the output functions includes this new implicant, This new implicant should 
not therefore be included. For example, in Table 6.2, minterms 4 and 5 are combinable. 
Since their tags are (0 1 0) and (1 0 1), the resulting tag is (0 0 0). Thus, ‘the implicant 
(4, 5) does not appear in step 2 of Table 6.2. For the same reason, the implicant (11, 15) 
is also not included in the table. 
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It is important to point out a difference between the single function minimization and 
the multiple function minimization in determination of prime implicants in the function 
reduction table. For example, in the first reduction column, i.e. step 2 of Table 6.2, the 
implicants (0, 2) and (1, 3) are combined into the implicant (0, 1, 2, 3) whose tag is 
(0 1 0) which is same as that of the implicant (0, 2), but not that of the implicant (1, 3; 
hence the implicant (0, 2) is ‘checked out’, but implicant (1, 3) is not. 

The rule for checking out an implicant in a multiple function reduction table is: an 
implicant is checked out (v^) if and only if its tag is identical to that of the newly formed 
implicant. 

From Table 6.2 we see that the prime implicants are A, B, C, D, E, F, G H, I, J, K, L, 
and M. 


Step 2: Construct the multiple output prime implicant table as shown in Table 6.3. The row 
dominance, row I > row J, in a multiple output prime implicant table is defined as row I 
2 row J for every output function. The definition of column dominance for the multiple 
Output case is the same as that for the single output case. 


Step 3: Remove all the dominating columns from the table. Delete columns 1, 3, and 5 of 
f,, because they are dominating column 7. Delete columns 0, 2, and 4 of f, because they 
are dominating column 6. Delete column 9 of fj, because it is dominating column 8 of b. 
Delete columns 1 and 5 of f}, because they are dominating columns 3 and 7, respectively, 


of f, 
Step 4: Remove all the dominated rows from the table. Delete row F because it is 
dominated by row E. Remove row L, because it is dominated by row J. 


Step 5: Remove the essential prime implicants from the table and include them in their 
respective functions. Form the reduced prime implicant chart after removing the essential 
prime implicants and the minterms covered by them. 


The prime implicant chart is as shown in Table 6.3. 


Table 6.3 Prime implicant chart 
f f 


—— E 1 — —— "u^ Uc un s MN 
v *** M SESS 


235789 01234689 9 
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From the multiple output prime implicant table (Table 6.3), we observe that, 


In fj, 5.217,32. 7,-1-2 2,322 
In fj, 026,426226,9258 
In fy} [0121353 7, and ESEEL3L 
C is an essential prime implicant for f}, because m; is covered by C only. G is an 
essential prime implicant for f,, because m, and m, are covered by G only. H is an essential 
prime implicant for f, because m; and m; of f, are covered by H only. H is also an essential 


prime implicant for fz, because its m, is covered by H only. 
The reduced prime implicant chart is shown in Table 6.4. 


Table 6.4 Reduced prime implicant chart 


f 
8 


M xp X 
f"C*D*H h=G+M eRe eS 


Step 6: Repeat steps 3 to 5 as many times as needed until every minterm of each function 
is covered by an essential prime implicant. The set of minimized functions is 


fX Xp Xy X) = C + D 4H = (y+ X2 X) * Q8 7 X2- X) + Gü- x) 
f(X; X, xX, X4) = G*M-(Xi* Xa) + X2 
f(x, X, X, X) = H+ J= (X; > X) + (x Xa) 


EXAMPLE 6.55 Find the minimal expressions for the following multiple output functions. 


fixi, X Xy X) = 1G, 4 5, 7, 11, 13, 15) - (6, 8, 10, 12) 
B(x Xy Xy x4) = I2, 7, 9, 10, 11, 12, 14, 15) - d(0, 4, 6, 8) 
Solution 


The prime implicants are obtained as shown in the table on the next page. 
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Step 1 


z 
H 
3 


, 2 (2) 
. 4 (4) 
, 8 (8) 
, 6 (4) 
, 10 (8) 
. 5 (1) 
, 6 (2) 
, 12 (8) 

9 (1) 


0, 0, 2, 4, 6 (2, 4) 
0, 

0, 

2 

2 

4 

4, 

4, 

8, 

8, 10 (2) 
8, 

3, 

3, 

5, 

5, 

6, 

6. 

9 


0, 2, 8, 10 (2, 8) 
0, 4, 8, 12 (4, 8) 
. 6, 10, 14 (4, 8) 
„6, 7 (1, 2) 
, 12, 13 (1, 8) 
, 12, 14 (2, 8) 
. 9, 10, 11 (1, 2) 
, 10, 12, 14 (2, 4) 
3, 7, 11, 15 (4, 8) 
5, 7, 13, 15 (2, 8) 
6, 7, 14, 15 (1, 8) 
10, 11, 14, 15 (14) 


AB wma colo. 


12 (4) 
7 (4) 
11 (8) 
7 (2) 
13 (8) 
7 (1) 
14 (8) 
, 11 (2) 
10, 11 (1) 
10, 14 (4) 
12, 13 (1) 
12,14 (2) 
7, 15 (8) 
11, 15 (4) 
13, 15 (2) 
14, 15 (1) 


z 2 4|$5 8cooo-|o »*mwJjo 
ASIE T E T 2-2. 2 oe ae] oe 
EES DET « WS SOR ER S oS 

oo a~ 2|ooo-2- ojoo o 

CMS TE RES) ee 

dio Om $ ne Sour € < Ss 


p 
alos = «|= 


a 


Step 4 
fif 


cdm» ea ee O OO O aa aa o G t | aya a 
Re oC OER A N ENG S PEZ CTTO NE, ÈS « 


d td 48 preceding table, the prime implicants are, A, B, C, D E, F, G, H, I, J, K 
, O, and P. The prime implicant chart is as shown below. NELLE 


0, 2, 4, 6, 8, 10, 12, 14(2, 4, 8) 0,1 A 
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x 


"ozzrzac-ro 


x 


For fj, E is an essential prime implicant because m; is covered by E only. Columns 7 
> 3, 11 2 3, 15 > 3. So, remove columns 7, 11, and 15. After remova! of the dominating 
columns 7, 11, and 15, the essential prime implicants and the minterms covered by them, 
we observe that only minterms 4, 5, and 13 are left uncovered. Columns 4, 5, and 13 are 
covered by G. So, E and G cover all minterms of fı. Therefore, 


f, = EG = (X3 + XJ (X2 + X) 


For fj, A is an essential prime implicant because m; is covered by A only. F is also an 


essential prime implicant because ms is covered by F only. Columns 10 > 2, 12 > 2, 14 
> 2, 11 > 9. So, remove columns 10, 12, 14, and 11. After removal of the dominating 


columns 10, 12, 14, and 11 and the essential prime implicants and the minterms covered 
by them, we observe that only minterms m; and mj, are left uncovered. By inspection, 
7 and 15 are covered by both C and J. Out of that C is minimal. Therefore, 


f, = AFC = x4(X, + X) (X2 + X9 


and f. So, there is no advantage in simplifying them together as 


No term is common to f, intag 
obtained when they are minimized separately. 


the same result would be 


EXAMPLE 6.56 Design a multiple output logic circuit for the following functions using the 


tabular method. 
f, = E mQ, 3, 7, 10, 11, 14) + d(l, 5, 15) 
Pesto 47, tos a 15) 


Solution 


The prime implicants are obtained as shown in the table on the next page. 


=~ is 


= = ajoo -= alo 


= 
o 


=aja = o ajo sz of/a nos 


-—o-—--- 
SOS EN UNUS UU «xS xS 


= 
a 
a 


10, 11 (1) 
10, 14 (4) 
7, 15 (8) 
11, 15 (4) 
13, 15 (2) 
14, 15 (1) 


From the above table, the prime implicants are, A, B, C, D, E, F, G, H, I, J, and K. 


0, 1, 4, 5 (1, 4) 
1, 3, 5, 7 (2, 4) 

2, 3, 10, 11 (1, 8) 
3, 7, 11, 15 (4, 8) 
5, 7, 13, 15 (2, 8) 
10, 11, 14, 15 (1, 4) 


The prime implicant chart is as shown in the table below. 


€ m, is covered by D only. Check out 
10, and 11. G is already there in f; as 


t to cover 14. So, only 7 of f, is left uncovered. This 7 can be 
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covered by C, E. H, or I. Out of these, C or E can be chosen. Both give the same minimum. 


Therefore, 
f TD EG C= KX F XXX F GX, 


For fj, 0 > 4, 1 2 4, 7 > 13. So, remove columns 0, 1, and 7. G, F, and B are the 
essential prime implicants because minterms 14, 4, and 13, respectively, are covered by 
them only. Also, they cover all minterms. Therefore, 


£-G-F-*B-»xxx-**XX,*XxXx 


Looking at the expressions for f, and fj, we observe that the term x,x;x, is common 
to both f, and fj. The logic diagram based on this minimization is shown below. 


Xy 


SUMMARY 


The K-map is a chart or a graph composed of an arrangement of adjacent cells, each 


representing a particular combination of variables in a sum or product term. 


An n-variable K-map will have 2” cells or squares. 
The use of K-maps is usually limited to six variables. 

A standard or canonical or expanded SOP form is one in which each one of the 
product terms contains all the variables of the expression either in complemented or 
non-complemented form. 


A standard or canonical or expanded PO í € V 
terms contain all the variables of the expression either in com 


complemented form. | , 
Each one of the product terms in the canonical SOP form is called a minterm. 
Each one of the sum terms in the canonical POS form is called a maxterm. : 
A standard SOP form can always be converted into a standard POS form by treating 
f the SOP form as the maxterms of the POS form. 

rted to a standard SOP form by treating 
he minterms of the SOP form. 


S form is one in which each one of the sum 
plemented or non- 


the missing minterms o 


A standard POS form can always be conve! 
the missing maxterms of the POS form as t 
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Two squares are said to be adjac if their mi 
e adjacent to each other, if their min (max : A 
only one variable. i Nterardiiügn 


Two minterms or maxterms can be combined, only if they are adjacent to each oth 
~ ~ " . ot Ris 
A real minimal expression is the minimal of the SOP and POS minimals 


€ binary number designations of the rows and columns o e R-i 
The b ber designat f th d col f th K-map are in Gray 


The main criteria in the design of digital circuits i indi 
r gn of digital circuits is the cost (indicated by t 
of gate inputs) which must be kept to a minimum. "REUS 
The squares may also be formed by wrapping around the K-maps. 
~ : 
2-squares, 4-squares, or 8-squares, etc. form either geometric squares or rectangles 


A 2-square is called a pair, a 4-s i z 
fet: pair, square is called a quad, and an 8-square is called an 


AU: TT UN E. 
: ague eliminates one variable, a 4-square eliminates 2 variables, an 8-square 
eliminates 3 variables, a 16-square eliminates 4 variables, and so on 


In five- and six-variable K-maps, squares in two blocks are considered adjacent, if, 


when superimposing one block above oi i 
mp r beside the other block, the squares coincide 


Combinations for w va 0 expressio] io cified, are calles iy 
binat f hich the value of an ex 
pression is not specified, called "don't 


p y 
Incompletely specified expressions ar w e ec 
p p! € those which are not specified for certain 


Vibia a ara with pe cares can be converted to a POS form by keeping the 
ey are and writing the missi i 
maxterms of the POS form, and rm Mee CE dedu 
In K-maps, don’t care terms are used onl 
Otherwise, they need not be considered, 
If each one of the input si 
it is called the two- 
logic. 
Two-level logic provides uniform pro; 
but may not yield the real minimal, 
In hybrid logic, 
the output. 
Hybrid logic does not i i 
p on unie uniform time delay and may suffer from the problem 
3 * st 9s in a circuit with the least number of gate inputs. 
Variable ig (variable entry mapping) techni 
mapping ole en ] que can be used inimi: i 
X pgorcasione pa involve infrequently used variables. Maie 
» Variable mapping technique allows us to reduce 
uses just a small map. 


The Qui method, also known as the tab : 
i he K. ze : ular method, is a more systematic 
than map for minimizing functions of a large number of oM 


y if they help in reducing the expression. 


gnals has to pass through two 
i gates to reach the output, 
level logic. The SOP and POS forms of realization give ‘ete 


pagation delay between the input and the output, 


different input signals pass through different number of gates to reach 


a large mapping problem to one that 


suana wra 
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In the tabular method, the condition that the binary designations of two combinable 
terms must differ by a power of 2, is necessary but not sufficient. 

Two terms whose codes differ by a power of 2 but which have the same index cannot 
be combined because these terms differ in more than one variable. 

The ‘index’ of a term indicates the total number of Is present in that term. 

A term with a smaller index but having a higher decimal value cannot be combined 
with a term whose index is higher even though they may differ by a power of 2, 
because they would differ in more than one variable. 

The terms which cannot be combined further in the tabular method are called prime 
implicants. These terms may occur in the final expression. 

Essential prime implicants are the implicants which will definitely occur in the final 
expression. 

Each essential prime implicant will cover at least one minterm which is not covered 
by any other prime implicant. 

The prime implicant chart is a pictorial representation of the relationships between the 
prime implicants and the minterms of the expression. 

Don’t care minterms are used in the table, only to obtain the set of prime implicants. 
They are not used in the prime implicant chart to obtain the essential prime implicants. 
Any row in a prime implicant chart is said to dominate any other row, if the first row 
has a x in every column in which the second row has a x. 

Any column in a prime implicant chart is said to dominate any other column, if the 
first column has a x in every row in which the second column has an x. 


All dominating columns and dominated rows can be removed while drawing the 


reduced prime implicant chart. 
If the prime implicant chart has no essential prime implicants and dominated rows and 
dominating columns, the minimal expressions can be obtained by the branching method. 


A minterm fills with 1s the minimum possible area of the K-map, short of filling no 
area at all. Hence, the name minterm. 
A maxterm fills with 1s the maximum possible area o 
entire area. Hence, the name maxterm. 


f the K-map, short of filling the 


QUESTIONS 


What do you mean by a K-map? Name its advantages and disadvantages. 


How many cells are there on an n-variable K-map? 


What are SOP and POS forms of Boolean expressions? 
ine the total number of gate inputs to realize a Boolean expression? 


to a POS form and vice versa? 

maxterms of Boolean expressions? 

r, a quad, and an octet of a K-map? 
t? What do Os and Is on the POS 


How do you determ 
How do you convert an SOP form 
What do you mean by minterms and 
What is cell of a K-map? What is meant by a pai 
What do Is and 0s on the SOP K-map represen! 
K-map represent? 
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9. 
10. 
1. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 


25. 


26. 


27. 


28. 
29. 


30. 
31. 
32. 
33. 


What do you mean by adjacent squares of a K-map? 

Write a procedure to reduce K-maps. 

What do you mean by a real minimal expression? 

What is the main criteria for the design of digital circuits? 

How do you compare the cost of realizing a circuit from the Boolean expressions? 


Write the codes of binary designations of rows and columns of a four-variable K-map. 


What do you mean by don't care combinations? 

What are incompletely specified functions? 

What do you mean by two-level logic? What is its main advantage? 

What is hybrid logic? What are its main advantages and disadvantages? 

What is the criteria for the minimization of multiple output switching functions? 
What are the advantages and disadvantages of the tabular method vis-a-vis the K-map? 
What do you mean by variable mapping? What are its advantages? 

What is meant by ‘index’ of a term in the tabular method? 

When can two minterms or maxterms be combined? 


In the tabular method, why two terms whose codes differ by a power of 2 but which 
have the same index cannot be combined? 


Why a term with a smaller index but having a higher decimal value cannot be combined 
with a term whose index is higher, even though they may differ by a power of 2? 


What do you mean by (a) a prime implicant chart and (b) a reduced prime implicant 
chart? 


What is meant by a prime implicant, an essential prime implicant, and a secondary 
essential prime implicant? 
What are dominating rows and dominating columns? 


Does elimination of dominating columns and dominated rows end the search for a 
minimal expression? If not, why not? 


When do you use the branching method? 
How do you get all the possible minimal expressions by the tabular method? 


What does ‘tag’ indicate in multiple output minimization using tabular method? 


How many variables are eliminated by (i) a 2-square, (ii) a 4- 
and (iv) a 16-square? 


square, (iii) an 8-square, 
PROBLEMS 

Convert to minterms; 

(a) A+ BC 

(c) ABC + AB+DC+D 


(b) A+B+CA 
(d) ABCDE + ABE + ACD 
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6.2 Convert to maxterms: 


(b) (A + B) (A + D) 
(d) A(A + B) (C) 


(a) AB +0) = 
(c) A+B De 


3 How many gate inputs are required to realize the following expressions? 
6. 


(a) ABC + ABC + ABCD + ABD 

(b) WXY + WXZ + VUX + XYZW 

(c) A+ BC + DEF " M 
(d) (A + C) (A + B + C (A + C + D) (A +B + C + D) 
(e) AB + D) (A +C + E (B + C + D +E) 

(f) (A + B) (C + D) (E + F + G)D 


6.4 Reduce the following expressions using K-map. 


(a) AB + ABC + ABC +BC 

(b) ABT + AB + C + BC + DB 

(c) AB + AC +C + AD + ABC + ABC 
(d) ABC + B + BD + ABD + AC 


6.5 Reduce the following expressions using K-map. 


(a) (A + B) (A + B + ©) (A + C) 
(b) A(B + C) (A + B) @+C+ D) 
(c) A + B(A +B + D) (B+ C) (B+ C+ D) 


13, 14, 15) and 
6.6 Obtain the minimal SOP expression for E m(2, 3, 5, 7, 9, 11, 12, 


implement it in NAND logic. 


11, 12, 13, 14, 15) 
6.7 Obtain the minimal POS expression for [I M(0, 1, 2, 4, 5, 6, 9, 


and implement it in NOR logic. 


A it i iversal logic. 
6.8 Reduce [I M(1, 2, 3, 5, 6, 7, 8, 9, 12, 13) and implement it in unive: g 
6.9 Reduce the following expressions using K-map and imple 


ment them in universal logic. 


(a) E m(5, 6, 7, 9, 10, 11, 13, 14, 15) 

(b) E m(0, 1, 2, 3, 4, 6, 8, 9, 10, 11) 

(c) TI M(1, 4, 5, 11, 12, 14) - d(6, 7, 15) 

(d) II MG, 6, 8, 11, 13, 14) - d(l, 5, 7. 10) 

(e) E m(0, 1, 4, 5, 6, 7, 9, 11, 15) + d(10, 14) 

(f) E m( 9, 10, 12) + d( 3, 5, 6, 7, 11, 13, 14, 15) 


. ing NOR gates. 
6.10 Simplify the following logic expressions and realize them using 


(a) E m(6, 9, 13, 18, 19, 25, 27, 29, 31) 19, 2 
(b) E m(0, 2, 3, 10, 12, 16, 17, 18, 21, 26, 27) + d(1l, 13, 


0) 


36, 40, 41, 42, 43) 
(©) E m(0, 1, 2, 4, 5, 7, 8, 9, 10, 14, 15, 17, 19, 20, 28, 2% 34 
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(d) X m(4, 6, 8, 9, 10, 12, 13, 18, 19, 25, 26, 29, 33, 35, 36, 41, 42, 48, 49, 50 
56, 57) + d(0, 1, 11, 15, 30, 38, 40) j 
9.11 Obtain the minimal expression using thé tabular method. 
(a) E m(0, 1, 3, 4, 5, 7, 10, 13, 14, 15) 
(b) = m(0, 2, 3, 6, 7, 8, 10, 11, 12, 15) 
(c) E m(0, 1, 3, 4, 5, 6, 7, 13, 15) 
(d) M(6, 7, 8, 9) - d(10, 11, 12, 13, 14, 15) 
(e) TI M0, 5, 6, 7, 11, 12, 13, 15) 
(f) E m(1, 5, 6, 12, 13, 14) + d(2, 4) 
6.12 Minimize and implement the following multiple output functions in SOP form using 
(1) K-maps and (2) the tabular method. 
(a) f, = X m(l, 2, 5, 6, 8, 9, 10) 
t m(2, 4, 6, 8, 10, 12, 15) 
(b) f, , 6, 8, 9, 11) + d(2, 7, 13) 
A » 7, 9, 12) + d(0, 1, 6) 
(c) f, » 4, 6, 7, 10, 14, 15) 
f , 9, 10, 11, 14) 
(d) f, » 7, 10, 11, 14) + «(1, 5, 15) 
f= E m(0, I, 4, 7, 13, 14) + d(5, 8, 15) 


MMMMMMM 


6.13 Reduce the following expressions using a three-variable map. 
(a) ABC + ABCD + ABCD + ABC 
(b) ABEC + ABCD + ABCE + ABCD + ABC 
(c) ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
(d) m, + Dm, + m, + Dm, + m; + d(m, + Dm,) 
(c) Em, + m, + m, + Dm, + Dm, + d(m, + Em, + Em, 
(f) Dm, + Dm, + m, + d(m, + Dm;) 
6.14 Solve the following equations using a four-variable map. 
(à) Q = m, + m, + Fm, + m, + Em, + Em, + my; + my + Fmy 


(b) R = m, + m, + Fm, + Gm, + Fm, + my + Em, + m, + Em, + mys 

(e) S= m, + Fm, + Gm, + m, + Fm, + Hm, + (F + G)my + d((F + G)m, + Gm, 
DN Mt Fm] 

(d) T = Em, + Hm, + Fm, + (E + G)m, + m, + d(m,, + Em, + Gm;) 

fe) U = Em, + m, + m, + Fm, + m; + m, 

(f) V = m, + (E + Gym, + Em, + Gm, + Fm + m, + my + d(m, + Em, + Fm, 
+ Fm) 


Chapter 7 


COMBINATIONAL CIRCUITS 


7.4 THE HALF-ADDER 


Arithmetic circuits are the circuits that perform arithmetic operations. A half-adder 
arithmetic circuit adds two binary digits, giving a sum bit and a carry bit. a 
The sum (S) bit and the carry (C) bit, according to the rules of binary addition, are 


given by: 


Inputs Outputs 


The sum (S) is the X-OR of A and B. Therefore, 
S=AB+BA=A®B 


The carry (C) is the AND of A and B. Therefore, 
C = AB 


A half-adder can, therefore, be realized by using one X-OR gate and one AND gate as 


shown in Fig. 7.1. F -—. 
A half-adder can also be realized in universal logic by using either only NAND gates or 


only NOR gates as explained below. 


c 


à g.71 "Lege diagram of a half-adder. 
^ gu ^i 
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NAND logic 


S=AB + AB = AB + AA + AB + BB 
A(A + B) + B(A + B) 


ii 


1n CES A 
=A-AB+B- AB P 
= A- AB- B. AB 

C= AB - AB 


NOR logic Fig. 7.2 Half-adder using NAND logic. 


S = AB + AB = AB + AA + AB + BB 
= A(A + B) + B(A + B) 
(A + B) (A + B) 


M 


[] 
» 
* 
wo 
+ 
>| 
wll 


C= 


& 
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Fig. 7.3 Half-adder using NOR logic. 


7.2 THE FULL-ADDER 


A full-adder is an arithmetic circuit that adds two bits and a carry and outputs a sum bit 
and a carry bit. When we want to add two binary numbers, each having two or more bits, 
the LSBs can be added by using a half-adder. The carry resulted from the addition of the 
LSBs is carried over to the next significant column and added to the two bits in that column. 
So, in the second and higher columns, the two data bits of that column and the carry bit 
generated from the addition in the previous column need to be added. 

The full-adder adds the bits A and B and the carry from the previous column called the 


carry-in C, and outputs the sum bit S and the carry bit called the carry-out C,,,. The block 
diagram and the truth table of a full-adder are shown below. 


7 inputs) Sum Cay 
TUT UEM Uum RS QUI 
po "o 0 0 
0 0 1 1 0 
pt 0 1 0 
0 1 1 0 4 
1 0 0 1 0 
SEO 1 0 1 A s 
E o 0 1 B 
7 BG 1 1 Cu Ga 
(a) Turth table 


(b) Block diagram 
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From the truth table, a circuit that will produce the correct sum and carry bits in 
sponse to every possible combination of A, B, and C,, is described by 
re: 


s = ABC, + ABC, + ABC, + ABC, = A ®B@C,, 


and 


Cou = ABCi, + ABC + ABC;, + ABC; = AB + (A ® B)C, = AB + AC, + BC, 
‘out L 


The sum term of the full-adder is the X-OR of A, B, and C,,, i.e. the sum bit is the 
modulo sum of the data bits in that column and the carry from the previous column. The 
logic diagram of the full-adder using two X-OR gates and two AND gates (i.e. two half- 
adders) and one OR gate is shown in Fig. 7.4. 


Half-adder Half-adder 


Fig. 7.4 Logic diagram of a full-adder using two half-adders. 


Even though a full-adder can be constructed using two half-adders apod is 
Fig. 7.4, the disadvantage is that the bits must propagate through oe ee 
succession, which makes the total propagation delay greater than that of the 
circuit using AOI logic as shown in Fig. 7.5. 


A 

B 

Ca - 

Ds B 

s C, 
A 

€, Š E: - 

A 

B B 

= [3 

[^ 

A 

B 

6 


s 


Fig. 7.5 Sum and carry bits of a full-adder using AOI logic. 


The full-adder can also be realized using universal logic, i.e. either only NAND gates 


9r only NOR gates as explained below. 
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NAND logic r 
Let AGB-A-AB-B-AB = X. Then 
S-AO6BOC,-X-.XC,.C,-XC, =X OC, 
C, = Cin (A 0 B) + AB = C, (A ® B) - AB 
A 
B S 
B. C, (A ®B), 


Cou 


AB 
Fig. 7.6 Logic diagram of a full-adder using only 2-input NAND gates. 
NOR logic 


Let A®B=X=(A+B)+A+B 


S-AOBOC,-XO6C,-X«C, «X^ 


io) 


Cou = AB + Chn (A ® B)=A+B+C,+A@B 


Fig. 7.7 Logic diagram of a full-adder using only 2-input NOR gates. 


7.5 THE HALF-SUBTRACTOR 


A half-subtractor is an arithmetic circuit that subtracts i 

one bit from the other. It is used 
to subtract the LSB of the subtrahend from the LSB of the minuend when one bina 
number is subtracted from the other. E 


a borrow bit (b) result according to the rules given below: 
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We know that, when a bit B is subtracted from another bit A, a difference bit (d) and 


Inputs Outputs 


A circuit that produces the correct difference and borrow bits in response to every 
possible combination of the two 1-bit numbers is, therefore, described by 


d=AB+BA=A®B and b= AB 


That is, the difference bit is obtained by X-ORing the two inputs, and the borrow bit is 
obtained by ANDing the complement of the minuend with the subtrahend. Figure 7.8 shows 
two logic diagrams of a half-subtractor—one using an X-OR gate together with one each 
NOT gate and AND gate and the other using the AOI gates. 


A A b 
B B B 
d 
b A 
B 


Fig.7.8 Logic diagrams of a half-subtractor. 


A half-subtractor can also be realized using universal logic—either using only NAND 


gates or using only NOR gates—as explained below. 


NAND logic 
————— 
d=A@B=A-AB-B: AB 


— 


b = AB = B(A + B) = B(AB) = BAB 
A-AB 

d 
— b 
B- AB 


Fig. 7.9 Logic diagram of a half-subtractor using only 2-input NAND gates. 
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d 
NOR logic a 


b = ABb; + ABb; + ABb; + ABb; = AB + (A @ B)b, 


d=A@®B-=AB + AB = AB +BB + AB * AA 
B(A + B) + A(A +B)=B+A+B+A+A+B 


full-subtractor can, therefore, be realized using X-OR gates and AOI gates as shown 
A full- 
in Fig. 7-11. 


LI 


d zm = —— d-A&B&b, 
b= AB = A(A + B) = A(A*B) = A + (A +B) 
A+A+B b 
A 
B d 
B+A+B 


Fig. 7.11 Logic diagram of a full-subtractor. 


ized i i ic using either only NAND gates 
Fig. 7.10 Logic diagram of a half-subtractor using only 2-input NOR gates. The full subtractor can also be realized in universal logic using ei y 


or only NOR gates as explained below. 


7.4 THE FULL-SUBTRACTOR 


NAND logic 


The half-subtractor can be used only for LSB subtraction. If there is a borrow during the 
subtraction of the LSBs, it affects the subtraction in the next higher column; the subtrahend bit 
is subtracted from the minuend bit, considering the borrow from that column used for the 
subtraction in the preceding column. Such a subtraction is performed by a full-subtractor. 
It subtracts one bit (B) from another bit (A), when already there is a borrow b; from this 
column for the subtraction in the preceding column, and outputs the difference bit (d) and 


the borrow bit (b) required from the next column. The block diagram and the truth table 
of a full-subtractor are shown below. 


d- A 6 B 6 b, = (A € B)(A 0 B)b, -b\(A € B)b; 


b = AB + b(A ®© B) = AB+b;(A 6 B) 


AB b, (A © B) = BA + B)-b,[b + (A © B 


-AB - b; [b; - (A © B)] 


[ 
w 


Inputs Difference Borrow 
A B b, d b 
00 0 0 0 
c 16:04 1 1 
Biot) 6 1 1 
Bist 1 0 1 2 
1 0 0 1 Di v. d 
i -input NAND gates. 
: i E à 4 . Fig. 7.12 Logic diagram of a full-subtractor using only 2-inp 
Nd 4 1 1 $ 


(a) Turth table (b) Block diagram 


d=A@BOD 


From the truth table, a circuit that will produce the correct difference and borrow bits 
in response to every possible combination of A, B, and b, is described by 


d = ABb; + ABb, + ABb; + ABb; 
=b(AB + AB) + b(AB + AB) 
=b(A® B) + b(A® B)= AGB Ob, 


cheer MeL 
= (A @ B)b, + (A  B)b " 
- (A OB) + ASB b;] b; + (A 9 B) b] 


M m 
= (AGB) (AGB5 + b; «(AGB +b; 
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= 


= (A 6 B) + (A € B) + b; + b; + (A @ B) + b, 
b= AB + b; (A 6 B) 
= A(A + B) + (A 6 B) [(A ® B) + b] 
7 A + (A + B) + (A ® B) + (A ® B) + b; 
b 

A 
B 
b d 


Fig. 7.13 Logic diagram of a full subtractor using only 2-input NOR gates. 


7.5 PARALLEL BINARY ADDERS 


A full-adder is capable of adding two 1-bit binary numbers and a carry-in. When two n-bit 
binary numbers are to be added, the number of full-adders required will be equal to the 
number of bits n in each number. Of course, the addition of LSBs can be done by using 
either a half-adder or a full-adder with C;, terminal grounded. The carry-out of each full- 
adder is connected to the carry-in of the next higher order adder. In practical parallel adders, 
the least significant stage is also a full-adder to facilitate cascading. A parallel adder is used 
to add two numbers in parallel form and to produce the sum bits as parallel outputs. A block 
diagram of a 4-bit parallel adder capable of adding two 4-bit numbers designated as 
A35;A,A, and B;B;B,B, is shown in Fig. 7.14. The resulting output sum bits are S,S;S,S,. 
For example, if A,A;A,A; = 1101 and B4B;B,B, = 0101, we have 


[Ao B, Ca So C, 

EE E ale 002750]. EEEa significant stage 
rm 

L Y 

A, B, Cin S, Cout 

ME iusai-0 c4 odsu ml 0 


a 1, we have an overflow, i.e. the sum (10010) must be expressed in 5 bits. 
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We see that S4S,S,Sy = 0010. Since the carry-out from the most significant stage is 


Parallel inputs 


Parallel outputs 


Fig. 7.14 A 4-bit parallel binary adder. 


Cascading Parallel Adders 


An 8-bit parallel adder can be constructed by cascading two 4-bit parallel adders as shown 
in Fig. 7.15. One 4-bit adder (the lower order adder) is used to add the 4 LSBs of the inputs 
and the other (the higher order) adder adds the 4 MSBs. The carry-out from the lower order 
adder is the carry-in to the least significant stage of the higher order adder. Additional adders 
can be cascaded to create parallel adders for any number of bits. 


The Ripple Carry Adder 


In the parallel adders discussed above, the carry-out of each stage is pope de PS 
in of the next stage. The sum and carry-out bits of any stage cannot be prc m 3 
some time after the carry-in of that stage occurs. This is due to the T iesu n D 
the logic circuitry, which lead to a time delay in the addition process. The carry pe pag ce 
delay for each full-adder is the time between the application of the carry-i 
Occurrence of the carry-out. 

Referring to the 4-bit parallel adder in Fig. 7.1 
Out (Cou) bits given by FA, are not valid, until after 
S; is not valid until after the cumulative propagation | 
and so on. At each stage, the sum bit is not valid until after 
stages are valid. In effect, carry bits must propagate or ripp 
Most significant sum bit is valid. Thus, the total sum (the paral 
after the cumulative delay of all the adders. 

The parallel adder, in which the carry-out o: 
Most significant adder is called a ripple carry adder. 
ripple Carry adder must add, the greater the time require 


4, we see that the sum (So) and carry- 
the propagation delay of FA. Similarly, 
delay of two full adders (FA and FA), 
the carry bits in all the preceding 
le through all stages before the 
llel output) is not valid until 


i arry-i he next 

ach full-adder is the carry-in to t 
E The greater the number of bits that a 
d for it to perform a valid addition. 
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Higher order adder 


A full-adder that produces CG and CP outputs for use in a look-ahead carry adder is 
shown in Fig. 7.16. 


S-AeBeC, 


CG-A-.B 


CP=A+B 


Fig. 7.16 A full-adder that produces CG and CP functions. 


The carry-out (C,,,) of a full-adder is a 1, if the CG is a 1 OR if the CP is a 1 AND 
the carry-in (Ci) is a 1. In other words, we get a carry-out of a 1, if it is generated by 
the full-adder (A = 1 AND B = 1) or if the adder can propagate the carry-in (A = 1 OR 
B = 1) AND Cn = 1. That is, 

Coan = CG-+ CP- Cin 


For a 4-bit parallel adder, the carry-out (C,,,) of each full-adder is dependent on its 
carry generate (CG), carry propagate (CP), and its carry-in (C;,). 

The CG and CP functions for each stage are immediately available as soon as the input 
bits A and B and the carry-in to the LSB adder are applied, because they are dependent only 


Fig. 7.15 An 8-bit parallel adder obtained by cascading two 4-bit parallel adders. 


if two numbers are added such that no carries occur between stages, then the add time is on these bits. The carry input to each stage is the carry output of the previous stage. 
Simply the propagation time through a single full-adder. Based on these, the expressions for carry-outs of various full-adders are: 
7.6 THE LOOK-AHEAD CARRY ADDER Fulladderipos 


Couto = CGo + CP, - Cino 
In the case of the parallel adder, the speed with which an addition can be performed is 


governed by the time required for the carries to propagate or ripple through all of the stages Full-adder FA): 
of on The rie carry adder speeds up the process by eliminating this ripple Cini = Cas 
carry delay. It examines all the input bits simultaneously and also generates the carry-in bits * 
for all the stages simultaneously. 1 Š y Cosi CG eH pra 
The method of speeding up the addition process is based on the two additional functions = CO, EPi y Caio 
of the full-adder, called the carry generate and carry propagate functions. = Gp SE Ges Ba s Cao) 
The carry generate (CG) function indicates as to when a carry-out would be generated = CG, + CP, - CG, + CP, + CP, > Cino 
by the full-adder. A carry-out is generated only when both the input bits are 1. This 
condition is expressed as the AND function of the two input bits A and B. Thus, Full-adder FA;: 
CG=A-B C Cg = Count 
í Coun = CG, + CP; - Cim 
A carry-in may be propagated by the full-adder when either or both of the input bits Coin * CG;* CP; “Cou 
are I. This condition is expressed as the OR function of the inputs A and B. Thus, ps d x 


= CG, + CP(CG, + CP, - CG + CP, - CP, - Cino) 
CP=A+B = CG, + CP, - CG, + CP; - CP, - CG + CP, - CP, - CP -Cino 
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Full-adder FA,: 


GC Figure 7.18a shows the functional symbol for the 74LS83 4-bit parallel adder e d 

in3 — "ou equivalents). The inputs to this IC are two 4-bit numbers, A;A,A;Aq and B;B;B;B, an t 

Cus = CG; + CP, - Co carry Co, into the LSB position; the outputs are the sum bits S,S,S,Sp and the carry C, ou 
= CG, + CP; - Cop of the MSB position. The sum bits are often labelled 2,52 Xo. 


= CG, + CP(CG; + CP, - CG, + CP, - CP; - CG, + CP, - CP, - CPA Gig) Cascading IC Parallel Adders 
= CG, + CP, - CG, + CP, - CP; - CG, + CP, - CP, CP, - CG; + CP, - CP, 


~- CP, - CP, - Ci The addition of large binary numbers can be accomplished by cascading two or more 


d f parallel adder chips. Figure 7.18b shows the cascading of two 74LS83 chips to add two 
In each of the above expressions, the carry-out of each full-adder stage is dependent 


only on the initial carry-in, Cio its CG and CP functions, and the CG and CP functions Daran ame 
of the preceding stages. Since each of the CG and CP functions can be expressed in terms tom 

of inputs A and B to the full-adders, all of the output carries are immediately available 

(except for gate delays) and there is no need to wait for a carry to ripple through all of 

the stages before a final result is achieved. Thus, the look-ahead carry adder speeds up the 

addition process. The logic diagram of a look-ahead carry adder is shown in Fig. 7.17. C4 


4-bit parallel adder 
74LS83 


Bay B4B; (Bon. «Ss Sa S1,90. 
(a) Logic symbol of 74LS83 
8-bit augend 


A, As As A, A3 A2 A, Ao 


4-bit parallel adder 
74LS83 


4-bit parallel adder 
74LS83 


Z, (MSB) A i 


Zo (LSB) 


Fig. 7.17 Logic diagram of a 4-stage look-ahead carry adder. 


7.7 IC PARALLEL ADDERS 


Several parallel adders are available as ICs. The most common one is a 4-bit parallel adder Resultant sum 
IC that contains four interconnected full-adders and a look-ahead carry circuit needed for (b) Cascading of two 74LS83s 


high E cipe 7483A, the 74LS83A, the 74283, and the 74LS283 are all TTL j Fig. 7.18 IC parallel adders. 
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8-bit numbers. The adder on the right adds the 4 LSBs of the numbers. The C, output 
of this adder is connected as the input carry to the first position of the second adder 
which adds the 4 MSBs of the numbers. The eight sum outputs represent the resultant 
sum of the two 8-bit numbers. The C; is the carry-out of the last position (MSB) of the 
second adder. The C, can be used as an overflow bit or as a carry into another adder 
stage if still larger binary numbers are to be handled. 


7.8 TWO'S COMPLEMENT ADDITION AND SUBTRACTION 
USING PARALLEL ADDERS 


Most modern computers use the 2's complement system to represent negative numbers and 
to perform subtraction. Both the addition and subtraction operations of signed numbers can 
be performed using only the addition operation, if we use the 2's complement form to 
represent negative numbers. 


Addition 


Positive and negative numbers including the sign bits can be added together in the basic 
parallel adder circuit, when the negative numbers are in the 2's complement form. This is 
illustrated in Fig. 7.19a for the addition of — 4 and + 7. The — 4 is represented in its 2's 
complement form as 1100, where the left most bit 1 is the sign bit; the + 7 is represented 
as 0111, with the left most bit 0 as the sign bit. These numbers are stored in their 
corresponding registers. The 4-bit parallel adder produces the sum outputs 0011, which 
represents + 3. The carry-out C, is a 1, but is discarded in the 2's complement method. 


Subtraction 


In the 2's complement method, the subtrahend is changed to its 2's complement form and 
then added to the minuend. The sum outputs of the adder circuit represent the difference 
between the minuend and subtrahend. 

Figure 7.19b shows an arrangement to subtract the number B,B;B,B, from the number 
As5A;A,A,. These numbers are first stored in registers A and B, respectively. Since the 2's 
complement of a number is obtained by complementing its each bit and then adding | to 
the LSB, the complemented number B,B;B, B, is fed to the adder along with A;A;A;Ao- 
The C, is made a 1 and added to the LSB of the adder: this accomplishes the same effect 
as adding a 1 to the LSB of B,B;B,B, for forming its 2's complement, The output 
S4S,S,S, represents the result of the subtraction operation. Of course, S, is the sign bit of 
the result and indicates whether the result is negative or positive, The carry-out C, is again 
disregarded. 

Figure 7.20 shows a complete circuit that can perform both addition and subtraction 
in 2's complement. This adder/subtractor circuit is controlled by the control signal ADD/SUB- 
When the ADD/SUB level is HIGH, the circuit performs the addition of the numbers stored 


in registers A and B. When the ADD/SUB level is LOW, the circuit subtracts the number 
in register B from the number in register A. The operation is described as follows: 
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From register A 


A, A, A; Ao 


2's complement 
of-4 


C, 4-bit parallel adder Cy 
(discarded) 74LS83 
1 (=+3) 
By BIB Ba WIOSEN S. S, So 
From register B Resultant sum 
(a) 2's complement addition 
From register A 
Ay A Ay As 


4-bit parallel adder 
74LS83 


8, B, B, B $ $5 So 


Se 

Inverted outputs of Difference 
register B ‘output 
(b) 2's complement subtraction 


Fig. 7.19 Two's complement addition and subtraction using parallel adders. 


When ADD/SUB = 1 


1. AND gates 1, 3, 5, and 7 are enabled, allowing Bo, B}, B}, and B, 'to/pass 19' the 
OR gates 9, 10, 11, and 12. AND gates 2, 4, 6, and 8 are disabled, blocking Bj, 
B, B, and B, from reaching the OR gates 9, 10, 11, and 12. 

2. The levels By to B, pass through the OR gates to the 4-bit parallel adder, to be added 
to the bits Ag to A. The sum appears at the outputs Sọ to S}. 


3. ADD/SUB = | causes no carry into the adder. 
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Register B 


Fig. 7.20 Parallel adder/subtractor using 2's complement system. 


When ADD/SUB is a 0. 


1. AND gates 1, 3, 5, and 7 are disabled, blocking By, B,, B5, and B, from reaching 
the OR gates 9, 10, 11, and 12. AND gates 2, 4, 6, and 8 are enabled allowing Bo, 
Bı, B; and B, to pass to the OR gates. 

2. The levels Bo to B, pass through the OR gates into the 4-bit parallel adder, to be 
added to bits Ao to A,. The C, is now 1. Thus, the number in register B is 
converted to its 2's complement form. 

3. The difference appears at the outputs So to S}. 


Circuits like the adder/subtractor of Fig. 7.20, are used in computers because they 
provide a relatively simple means for adding and subtracting signed binary numbers. In most 
computers, the output is usually transferred into the register A (accumulator), so that the results 

addition or subtraction always end up stored in the register A. This is accomplished by 
1 pulse to the CLK inputs of register A. 


used 1o add serial binary numbers. Since the bits are added serially, that 
at a time, only one full-adder is required for this addition, as shown in 
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Inpüt registers ut (sum) register 
SB LSB xs 


Carry flip-flop 


Clock 
Fig. 7.21 A serial adder. 


The serial input bits appear in synchronism, first the LSBs A; and Bọ, then after one 
clock pulse A, and B,, after another clock pulse A; and B,, and so on. The carry bit 
generated in any one of these additions must be saved and added to the next-higher-order 
pair of input bits. The purpose of the flip-flop in the circuit shown is to store the carry bit 
Cow for the duration of one clock pulse, and then present it as Ci, when the next pair of 


input bits is added. The output sum bits are shifted into the output register, as the input bits 
are shifted out of the input registers as inputs to the full adder. In practice, the output bits 
are often shifted into one of the input registers behind the data being shifted out. The 
register, which contains one of the binary numbers to be added before the addition 
commences and then contains the sum after the addition is completed, is called an 


accumulator. 
Serial adders are slower than the parallel adders, since they require one clock pulse per 


pair of bits to be added. Serial adders are used where circuit minimization is more important 
than speed as in pocket calculators. 


7.10 BCD ADDER 
The BCD addition process has been discussed in Chapter 3. It is briefly reviewed here. 


1, Add the 4-bit BCD code groups for each decimal digit position using ordinary binary 
addition. 

2. For those positions where the sum is 9 or less, the sum is in proper BCD form and 
no correction is needed. 

. When the sum of two digits is greater than 9, a correction of 0110 should be added 
to that sum, to produce the proper BCD result. This will produce a carry to be added 
to the next decimal position. 

A BCD adder circuit must be able to operate in accordance with the above steps. In other 
words, the circuit must be able to do the following. 
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1. Add two 4-bit BCD code groups, using straight binary addition. 


2. Determine, if the sum of this addition is greater than 1001 (decimal 9); if it is, ada 
0110 (decimal 6) to this sum and generate a carry to the next decimal position, 


The first requirement is easily met by using a 4-bit binary parallel adder such as the 
74LS83 IC. For example, if the two BCD code groups A3A5A,A, and B,B,B,By ae applied to 
a 4-bit parallel adder, the adder will output S4S;S,S)Sp, where S, is actually Ca, the carry-out 
of the MSB bits. 

The sum output S,S,S,S,S; can range anywhere from 00000 to 10010 (when both the 
BCD code groups are 1001 — 9). The circuitry for a BCD adder must include the logic 
needed to detect whenever the sum is greater than 01001, so that the correction can be 
added in. Those cases, where the sum is greater than 1001 are listed in Table 7.1. 


Table 7.1 


S, ES S S, S Decimal number 
0 1 0 1 0 10 
0 1 0 1 1 11 
0 1 1 0 0 12 
0 1 1 0 1 13 
0 1 1 1 0 14 
0 1 1 1 1 15 
1 0 0 0 0 16 
1 0 0 0 1 17 
1 0 0 1 0 Mio 


Let's define a logic output X, that will go HIGH only when the sum is greater than 


01001 (i.e. for the cases in Table 7.1). If we examine these cases, we see that X will be 
HIGH for either of the following conditions. 


1. Whenever S, = | (sum greater than 15) 


2. Whenever S, = 1 and either S; or S, or both are 1 (sums 10 to 15) 
This condition can be expressed as 


X= S, + SS; + S) 


Whenever X = oa is ied to add the correction factor 0110 to the sum bits, and 
to generate a carry. Figure 7.22 shows the complete circuitry for a BCD adder including 
the logic circuit implementation for X. i 3 

The circuit consists of three basic Parts. The two BCD code 
apes 


; groups A;A;A,A, and 
4-bit adder, to produce the sum $,8,S,8,S,. The 
n for X. The lower 4-bit adder will add the 
= l, producing the final BCD sum output 
carry-out that is produced when the sum is 
ere 1S no carry and no addition of 0110. In 
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Cascading BCD Adders 


A igi imal 
The circuit of Fig. 7.22 is used for adding two BCD coded decimal digits. bec 
numbers with several digits are to be added, it is necessary to use a separate 
for each digit position. A 


BCD code 
B, B, B, Bo group 


Carry from the 
lower position 
adder 


BCD code 
group 


Carry to the 
next BCD 
adder 


Fig. 7.22 A BCD adder using two 4-bit adders and a correction-detector circuit. 


Figure 7.23 is a block diagram of a circuit for the addition of two 3-digit decimal 
numbers. The register A contains 12 bits, which are the three BCD code groups for one 
of the 3-digit decimal numbers; similarly the register B contains the BCD representation of 
the other 3-digit decimal number. The code groups A, — A, and B, — B, representing the 
least significant digits, are fed to the first BCD adder. Each BCD adder block is assumed 
to contain the circuitry of Fig. 7.22. This first BCD adder produces the sum output 
X,X,X,E, which is the BCD code for the least significant digit of the sum. It also 
produces a carry-out, that is sent to the second BCD adder. This adder adds A; through 
A, to B; through B,, and produces the sum Dp» 4. This arrangement can, of course, 
be extended to decimal numbers of any size by simply adding more flip-flops to the registers 
and including a BCD adder for each digit position. 


7.11 BINARY MULTIPLIERS 


2 we discussed binary multiplication by the paper and pencil method and by 
a s adici The paper and pencil method is modified somewhat in digital machines 
ice a binary adder can add only two binary numbers at a time, 
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BCD codes for a 3-digit decimal number 


BCD codes for a 3-digit decimal number 
Fig. 7.23 Cascading BCD adders to add two 3-digit decimal numbers. 


In a binary multiplier, instead of adding all the partial products at the end, they are added 
two at a time and their sum accumulated in a Tegister (the accumulator register). In addition, 
when the multiplier bit is a 0, Os are not written down and added because it does not affect 
the final result. Instead, the multiplicand is shifted left by one bit. 

The multiplication of 1110 by 1001 using this process is illustrated below 


Multiplicand: 1110 
Multiplier: 1001 
1110 The LSB of the multiplier is a 1; write down the 
multiplicand; shift the multiplicand one position to the 
left (1 1100). 
1110 The second multiplier bit is a 0; write down the 
Previous result 1 1 1 0; shift the multiplicand to the left 
again (1 1 1 0 0 0). 
1110 The third multiplier bit is a 0; write down the previous 
result 1 1 1 0; shift the multiplicand to the left again 
(111009090) 
*1110000 The fourth multiplier bit is a 1; write down the new 
multiplicand; add it to the first partial product to obtain 
the final product. 
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. This multiplication Process can be performed by the serial multiplier circuit shown in 
Fig. 7.24, which multiplies two 4-bit numbers to produce an 8-bit product. The circuit 
consists of the following elements. 


X register. A 4-bit shift register that stores the multiplier—it will shift right on the falling 
edge of the clock. Note that Os are shifted in from the left. 

B register. An 8-bit register that stores the multiplicand; it will shift left on the falling edge 
of the clock. Note that Os are shifted in from the right. 


A register. An 8-bit register, i.e. the accumulator that accumulates the partial products. 


Adder. An 8-bit parallel adder that produces the sum of A and B registers. The adder 
outputs S; through S, are connected to the D. inputs of the accumulator so that the sum 
can be transferred to the accumulator only when a clock pulse gets through the AND gate. 


The circuit operation can be described by going through each step in the multiplication 
of 1110 by 1001. The complete process requires 4 clock cycles. Refer to Fig. 7.24A for 
the contents of each register and adder outputs as we describe the sequence of steps. 


l. Before the first clock pulse: Prior to occurrence of the first clock pulse, the 
register A is loaded with 00000000, the register B with the multiplicand 00001110, 
and the register X with the multiplier 1001. We can assume that each of these 
registers is loaded using its asynchronous inputs (i.e. PRESET and CLEAR). The 
output of the adder will be the sum of A and B, that is, 00001110. 

- First clock pulse: Since the LSB of the multiplier (X;) is a 1, the first clock pulse gets 
through the AND gate and its positive going transition transfers the sum outputs into 
the accumulator. The subsequent negative going transition causes the X and B registers 
to shift right and left, respectively. This, of course, produces a new sum of A and B. 

- Second clock pulse: The second bit of the original multiplier is now in Xo. Since 
this bit is a 0, the second clock pulse is inhibited from reaching the accumulator. 
Thus, the sum outputs are not transferred into the accumulator and the number in 
the accumulator does not change. The negative going transition of the Clock pulse 
will again shift the X and B registers. 

- Third clock pulse: The third bit of the original multiplier is now in Xo; since this 
bit is a 0, the third clock pulse is inhibited from reaching the accumulator. Thus, 
the sum outputs are not transferred into the accumulator and the number in the 
accumulator does not change. The negative going transition of the clock pulse will 
again shift the X and B registers. 

. Fourth clock pulse: The last bit of the original multiplier is now in Xo, and since 
it is a 1, the positive going transition of the fourth pulse transfers the sum into the 
accumulator. The accumulator now holds the final product. The negative going 
transition of the clock pulse shifts X and B again. Note that, X is now 0000, since 
all the multiplier bits have been shifted out. 


7.12 CODE CONVERTERS 


Code converters are logic circuits whose inputs are bit patterns representing numbers (or 
characters) in one code and whose outputs are the corresponding representations in a different 
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Register A triggers on PGT of the clock pulse 
PGT transfers 
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code. For example, a binary-to-gray code converter has four binary input lines B, B, B,, 
and B,, and four gray code output lines G,, Gy, Gz, and G,. When the input is 0010, for 
instance, the output should be 0011 and so forth. To design a code converter, we use a code 
table treating it as a truth table to express each output as a Boolean algebraic function of 


all the inputs. 
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In this example of binary-to-gray code conversion, we can treat the binary to gray code 
table as four truth tables to derive expressions for G4, G;, G}, and G,. Each of these four 
expressions would, in general, contain all the four input variables B4, B}, B}, and B,. Thus, the 
code converter is actually equivalent to four logic circuits, one for each of the truth tables, 

The logic expressions derived for the code converter can be simplified using the usual 
techniques, including don’t cares if present. Even if the input is an unweighted code, the 
same cell numbering method which we used earlier can be used, but the cell numbers must 
correspond to the input combinations as if they were an 8-4-2-1 weighted code. For 
example, in Excess-3 to BCD conversion, number ABCD = 0110, which represents 3,, is 
assigned the cell number 6 and not the cell number 3. Be careful to determine which input 
combinations, if any, will never occur and can be treated as don’t cares. Of course, it is 
input bit patterns, and not output patterns, that determine don’t cares. 

Integrated circuits (ICs) are available to convert data from one form to another. Binary/ 
BCD conversions are most often encountered in connection with computer applications. 
Numerical data transmitted in BCD form from input devices must be converted to binary, so 
that arithmetic operations can be performed on it. The binary results of arithmetic operations 
must be converted to BCD for transmission to output devices. Therefore, conversions are often 
accomplished by using the major components of the computer system itself rather than 

special converter circuits. Conversion tables may be stored in the ROM. In some systems, 
conversions are accomplished by the computer itself, through execution of a specially 
designed program. This is called software conversion, as opposed to the hardware 
conversion performed by logic circuits. 


EXAMPLE 7.1 Design and implement a 4-bit binary-to-gray converter. 
Solution 


The input to the circuit is a 4-bit binary and the output of the circuit is a 4-bit Gray code. 
The 4-bit binary and the corresponding Gray code are shown in the conversion table 
(Fig. 7.252). From the truth table, we observe that: 


.. 1. The entries for G; are exactly the same as those for B,. Therefore, G, = B4. 
. 2. The entries for G, are: 
G, = 1, only when either B, = 1 or B, = 1. G, = 0 for B, = B, = 0, and B, = B, 
= |. This is an X-OR operation of B, and B,. Therefore, G, = B, € By. 
3. The entries for G; are: 

GG; = l, only when either B, = 1 or B, = 1. G, = 0 for both B, = B; = 1, and 
=¢ By = B; = 0. This is an X-OR operation of B, and By. Therefore, G, = B; 6 Bz. 
X The entries for G, are: 

G, = 1, only when B; = 1 or B, = 1. G, 0 for both B, = B, = | and B; = B, 

I an X-OR operation of B, and B,. Therefore, G, = B, ® B}. 

can be achieved by using three X-OR gates as shown in Fig. 7.25c. 
obtained by implementing the minimal expressions for G4, G3, 


lj; B5. B}, and B, obtained by minimizing the K-maps. Thus, the 
Ga Gz, G;, and G, are: ^ 


The 
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G, = B, 
G; = B,B, + B,B, = B, @ B, 
G, = B,B, + B,B, = B, 6 B, 


G, = BjB, + B,B, = B; 6 B, 


K-map for G, and its minimization is shown in Fig. 7.25b. 


(b) K- map for G, 
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(a) Conversion table (c) Logic diagram 
Fig. 7.25 Example 7.1. 


EXAMPLE 7.2 Design and implement a 4-bit gray-to-binary converter. 


Solution 


The 4-bit input Gray code and the corresponding output binary numbers are shown in the 
conversion table of Fig. 7.26. From the table, we observe that: 


ils 
2 


The entries for B, are exactly the same as those for G,. Therefore, B, = Gy. 


Tape fosa fils in Gy and. G; is-anjodd nürtibe 
= 1, only when the number of Is in G, and G, is an number, Otherwise 
S 3 E sane. is the modulo sum of G, and G,. Therefore, B, = G, & G,. 


. The entries for B; are: 
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B; = 1, only when the number of Is in G,, G}, and G, is an odd number. Otherwis 
B, = 0. So, B, is the modulo sum of G,, G;, and G;, i.e. modulo sum of B. uni 
Gz. Therefore, B; = B, ® G,. 4 
- The entries for B, are: 
B, = 1, only when the number of Is in G, G;, G,, and G, is ai 
, | » G, Gp 1 n odd number, 
Otherwise B, = 0. So, B, is the modulo sum of G4, G}, G, and G, i.e. modulo Ed 
of B, and G,. Therefore, B, = B, 6 G}. 
The same expressions can also be obtained using K-maps. Im) i 
E . Implementing the 
expressions, the logic circuit is shown in Fig. 7.26c. : mere 


4-bit binary 
B, 


(b) K-map for B, 
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(a) Conversion table 
Fig. 7.26 Example 7.2. 


(c) Logic diagram. 


f Drawing the K-maps for B,, B. B, and B, in terms of G,, G;, G», and G, based on 


ble of Fig. 7: dam ee 
i A 7.26 and simplifying them, the minimal expressions for B4, Bi, 
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2G, + G,G,G,G, + C,G,G,G, + G,6,6,6, + G,G,G,G, + G,G,G,G, 
463656, + G,G4G;G, 
sG,(G, ® G) + G,G,(G, € G,) + G,G,(G, @®G,) + G,G3(G, @G,) 
= (Gz € Gy) (G, € G3) + (G, ®G,) (G; 6 G,) 
G, € G, 6 G, @G, 
= B, 6 G, 
The K-map for B, and its simplification is shown in Fig. 7.26b. 


EXAMPLE 7.3 Design a 4-bit binary-to-BCD converter. 
Solution 


The input is a 4-bit binary. There are 16 possible combinations of 4-bit inputs (representing 
0-15) and all are valid. Hence, the output has to be an 8-bit one; but since the first three 
bits will all be a 0 for all combinations of inputs, the output can be treated as a 5-bit one. 
The conversion is shown in Fig. 7.27a. 


Drawing the K-maps and minimizing them, the minimal expressions for the BCD outputs 
A, B, C, D, and E in terms of the 4-bit binary inputs B4, B}, B,, and B, are obtained as: 
A = B4B, + B4B; 
B = B,B,B, 
C = B,B, + B;B, 
D = B,B;B, + B,B, 
E=B, 


The K-map for A and its minimization is shown in Fig. 7.27c. A logic diagram can be 
drawn based on the above minimal expressions. 


Code Converters Using ICs 


Figure 7.28a shows the use of 74184, a ROM device programmed as a BCD-to-binary 
converter. Figure 7.28b shows the use of 74185, a ROM device programmed as a binary- 


to-BCD converter. A 
Figures 7.29 and 7.30 show how these devices can be expanded for conversion 


involving larger number of bits. Figure 7.31 shows the use of ICs for obtaining 9's and 10's 
complement of a number. 


7.13 PARITY BIT GENERATORS/CHECKERS 


transmitted and processed, is susceptible to noise that can alter its 1s to 


: i ' f 
Binary gagan an additional bit called the parity bit is added to date 


Os and Os to Is. To detect such errors, 
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A=B,B, + B,B, 


(a) Conversion table (c) K-map for A 
Fig. 7.27 Example 7.3. 


(a) The 74184 6-bit BCD-to-binary converter (b) The 74185 6-bit binary-to-BCD converter 
|. .Fig.7.28 BCD-to-binary and binary-to-BCD conversion using ICs. 


Fig. 7.30 74185s expanded for 8-bit binary to BCD conversion. 


HR d depending on system design. A given 
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(a) BCD 9's complement converter. (b) BCD 10's complement converter. 


Fig. 7.31 9's and 10's complement converters using ICs. 


At the receiving end, if the word received has an even number of 1s in the odd parity 
system or an odd number of ls in the even parity system, it implies that an error has 
occurred. 

In order to check or generate the proper parity bit in a given code word, the basic 
principle used is, “the modulo sum of an even number of Is is always a 0 and the modulo 
sum of an odd number of Is is always a 1.” Therefore, in order to check for an error, all 
the bits in the received word are added. If the modulo sum is a 0 for an odd parity system 
or a | for an even parity system, an error is detected. 

To generate an even parity bit, the four data bits are added using three X-OR gates. The 
sum bit will be the parity bit. Figure 7.32a shows the logic diagram of an even parity 
generator. 


(8 data bits and one parity 
rate a 9-bit odd or even parity code. 


EXAMPLE 74 Design a POS circuit that will generate an e 


For even 


ven parity bit for a 4-bit input. 


From the truth table, we 
in the four data bits is odd. 
bits. Hence, 


f=A®BeCeD 


‘OR gates are required to realize the above expression as shown in 
be realized by using twelve 2-input NAND gates. 
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Fig.7.32 Parity bit generator/checker. 
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(a) Truth table (d) Logic diagram 
Fig. 7.33 Example 7.4. 


In Example 7.4, we derived an expression for the even parity generator as 
f-AOGBOCOD 
Since odd parity is the complement of even parity, we get 


f'-A6B6COD. 


So, we put an inverter at the Output of an even parity bi eral sam 
. p- 3 at ji l 
is directly obtained as follows. POEET Go ee 


The truth table, the block diagram, and the K-mai ic di 

E k dia i p and the logic diagram for the odd 
Parity generator are shown in Figs. 7.34a, b, and c, fespehtivdy 
x From the K-map, we see ‘that no minimization is possible. If the expression for the 
parity bit is implemented as it is, 40 gate inputs are Tequired. To reduce the cost, the 


expression ssi n may be manipulated in terms of X-OR gates and implemented. 


eee ete ECD E ABCD + ABCD + ABCD + AbCD - ABCD! ABCD 
= AB(C D) + AB (CÓ D) + AB (C @ D) + ABC @ D) 


Combinational Circuits 265 


This is nothing but the complement of the output of the even parity bit generator. 


Ea ; 


coo»r» 


Zbit data input Output (b) Block diagram 
ABCD __paritybitt’) 
0000 1 
0001 0 o0! n" 
0010 0 
0011 1 
0100 0 
01041 1 
0110 1 
01411 0 
1000 0 
1001 1 
1010 1 
1011 0 
1100 1 
11041 0 
1110 0 
1111 1 
(a) Truth table (d) Logic diagram 
Fig. 7.34 Example 7.5. 
EXAMPLE 7.6 


(a) Make a 9-bit odd parity checker using a 74180 and an inverter. 
(b) Make a 10-bit even parity generator using a 74180 and an inverter. 
(c) Make a 16-bit even parity checker using two 74180s. 


Solution 
(a) 8 of the 9-bits are applied at A-H inputs and the ninth bit, I, is applied to the ODD 
input. The circuit is shown in Fig. 7.35a. 
(b) The 9-bit word consisting of A through I is converted to a 10-bit word with even 
parity. The circuit is shown in Fig. 7.35b. 
(c) The 16-bit even parity checker is shown in Fig. 7.35c. 


7.14 COMPARATORS 


: ic circui itudes of two bi 
a logic circuit, used to compare the magnitudes of two binary numbers. 
pean sks big it may either simply provide an output that is active (goes HIGH for 
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example) when the two numbers are equal, or additionally provide outputs that signify 
which of the numbers is greater when equality does not hold. 

The X-NOR gate (coincidence gate) is a basic comparator, because its output is a 1 only 
if its two input bits are equal, i.e. the output is a 1 if and only if the input bits coincide. 
Figure 7.36a shows the operation of an X-NOR gate as a comparator. 

Two binary numbers are equal, if and only if all their corresponding bits coincide. For 
example, two 4-bit binary numbers, A,A,A,Aq and B,B,B,By are equal, if and only if, A; = 
Bs, A; = Bj, A, = B, and A, = By. Thus, equality holds when A, coincides with Bs, A; 
coincides with B}, A, coincides with B,, and A, coincides with By. The implementation of 
this logic, 


EQUALITY = (A; © B;) (A; © B;) (A, © By) (Ap © Bj) 


is straightforward and is shown in Fig. 7.36b. It is obvious that this circuit can be expanded 
or compressed to accommodate binary numbers with any other number of bits. 


B, Equality = (A, © B,) (A; © B;) (A, © B) (Ay © B,) 


=r 
D 
D 1 
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(a) Basic comparator operation (b) Logic diagram of an equality comparator 
Fig. 7.36 Comparators. 


A comparator capable of signifying which of the two binary numbers has greater 
magnitude is somewhat more complex. The procedure to determine this for two 4-bit 
numbers A = A;A;A,A, and B = B,B;BjB, is as follows: 

1. Compare the most significant bits A; and B, of the numbers. If A; is a 1 and B, 
is a 0, then A is greater than B regardless of how the remaining bits compare. 
Similarly, if A, is a 0 and B, is a 1, then B is greater than A. If and only if, A; 
and B, coincide, then go to step 2. 

2. Compare the next significant bits, A, and B, of the numbers. If Az is a 1 and B, 
is a 0, then A is greater than B regardless of how the remaining bits compare. 
Similarly, if A, is a 0 and Bj is a 1, then B is greater than A. If and only if, A; 
and B; coincide, then go to step B: 

3. If A, is a 1 and B, is a 0, then A is greater than B regardless of how the remaining 

bits compare. If A, is a 0 and B, is a 1, then B is greater than A. If and only if, EV 
and B, coincide, then go to step 4. 
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4. If Ap is a 1 and B, is a 0, then A is greater than B. If Ay is a 0 and Bo is a 1, 
then B is greater than A. If Ag and B, are equal, then the numbers A and B are equal. 


When still larger numbers are compared, continue checking in this fashion each pair of 
] less significant bits, until finding a pair that does not coincide. The bit that is a 1, belongs 
to the greater number. If all pairs of bits coincide, then of course, the numbers are equal. 
To illustrate this procedure, let us compare, A = 1110 with B = 1101, 
A; and B, coincide (both bits are 1). So, we check A, and B;. A, and B, also coincide 
(both bits are 1). So, we check A, and B}. Since A, = I and B, = 0, we conclude that A 
is greater than B, and then we do not check any further pair of bits. 


The logic we used above to determine if A is greater than B, can be expressed in a set of 
statements as follows. 


1. If A, = 1 and B, = 0, then A > B. 


or 
2. If A; and B, coincide, and if A; = 1 and B; = 0, then A > B. 
or 
3. If A, and B, coincide, and if A, and B; coincide, and if A, = 1 and B, = 0, then 
A>B. 
or 


4. If A, and B, coincide, and if A, and B, coincide, and if A, and B, coincide, and 
if Ap = 1 and B, = 0, then A > B. 


From these statements, we see that the logic expression for A > B can be written as 


A > B = A,B, + (A, © B,)A,B, + (A; © Bj) (A, © B,)A,B, + (A, © B,) (A; © Bj) 
(A, © B)A,B, 


Similarly, the logic expression for B > A can be written as 


B > A = A,B, + (A; © B,)A,B, + (^; © Bj) (A, © B,)A,B, + (A, © Bj) (A, © Bj) 
(A, © BJA ‚Bo 


Figure 7.37 shows the logic diagram of a comparator that implements the logic we have 
described. Note that, it provides three active-HIGH outputs: A > B, A « B, and A = B. 


715 IC COMPARATOR 


Figure 7.38 shows the 7485 4-bit comparator. Pins labelled (A < B)u, (A = B)y, and 
(A > B)y are used for cascading. Figure 7.39 shows how two 4-bit comparators are 
AE t comparisons. The (A « B)our, (^ = B)our and (A > B)oyy outputs 
from | order comparator used for the least significant 4 bits, are connected to the 
(A < B)y, (A = pon and (A > B) inputs of the higher order comparator: Note that, 


à c : comparator is connected to Vee, and (A = B)yy and 
(A> of the lower order comparator are connected to ground, 
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7485 
Fig. 7.38 Pin diagram of the 7485 4-bit comparator. 
EXAMPLE 7.7 Design a 5-bit comparator using a single 7485 and one gate. 


Solution 
The circuit is shown in Fig. 7.40. The two 5-bit numbers to be compared are X,XaX;X,X, 
and Y,Y,Y; Y, Ys. 


7.16 DECODERS 


; PEEN verts an N-bit binary input code into M output lines such 
A eem ig ug enin ed for each one of the possible combinations of inputs, 
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5-bit number X 


5-bit number Y 


each of these input combinations, only one of the M outputs will be acti 
P Ibinations, ctive (HIGH), all the 
other outputs will remain inactive (LOW). Some decoders are designed to produce active 
LOW output, while all the other outputs remain HIGH. 
decoders do not utilize all of the 2" possible in; 

Some om stili put codes. For example, a BCD 
to decimal ecim decoder Poe has a 4-bit input code and 10 output lines that correspond to ini 10 BCD 
: ee through 1001. Decoders of this type are often designed so that if any 

used codes are applied to the input, none of the outputs will be activated. 


circuitry for a decoder with three inputs and eight oui 
e N tputs. It uses 
» the outputs are active-HIGH. For active-LOW outputs, NAND 
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Only one output is high 


N, 
Ziinpútsicodes for each input code 


Fig. 7.41 General block diagram of a decoder. 


Binary inputs Octal outputs 


Inputs Outputs 

"WHBLc| DiDi D DD DDA 
000 1} 01 o o o oro 0 
001 01000000 
010 001000 00 
0 1 1 000100 00 
1 0 0 000010 600 
10 1 040409090 1 nao 
1 158 000000 10 
ji 11j 000000 01 

(b) Truth table 


(a) Logic diagram 
Fig. 7.42 A 3-line to 8-line decoder. 


gates are used. The truth table of the decoder is shown in Fig. 7.42b. This decoder can 
be referred to in several ways. It can be called a 3-line to Sine decoder because it has 
three input lines and eight output lines. It is also called a binary-to-octal decoder because 
it takes a 3-bit binary input code and activates one of the eight (octal) outputs 
corresponding to that code. It is also referred to as a 1-of-8 decoder because only one of 


the eight outputs is activated at one time. 


Enable Inputs 


Some decoders have one or more ENABLE inputs, 
of the decoder. For example, in the 3-line to 8-line decoder, 


that are used to control the operation 
if a common ENABLE line is 


m 


j 
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connected to the fourth input of each gate, a particular output as determined by the A, B 
C input code will go HIGH only when the ENABLE line is held Hi 2H. When the ENABLE 
is held LOW, however, all the outputs will be forced to the LOW state regardless of the 
levels at the A, B, and C inputs. Thus, the decoder is enabled only when the ENABLE js 
HIGH. 

In the 74LS138 decoder shown in Fig. 7.43, A;A,A, is the input code, and E;, Ez and 


E, are the separate enable inputs that are combined in the NAND gate. Then, E,E;E, is 
the ENABLE signal. Only when the ENABLE is HIGH, the decoder works. The truth table 
operation of 74LS138 is illustrated in Fig. 7.43c. 


— 
L 
A 
S 
H 
E: 74LS138 
8 1:8 Decoder 
Enable. E, b, D, D, D, D, D, D, D; 
inputs’ z (b) Logic symbol 
3 
(a) Logic diagram 
Enable inputs Binary inputs Octal outputs 
Ee MEG E. 7A; A Ay D D, D, Dt- Dr Dy D, D 
x 1 x x x x 1 1 1 1 1 1 1 1 
x x 1 x x x 1 1 1 1 1 1 1 1 
0 x x x x x 1 1 1 1 1 1 1 1 
1 0 0 0 0 0 0 1 1 1 1 1 1 1 
1 0 0 0 0 1 1 0 1 1 1 1 1 1 
E) o 0 0 1 0 1 1 0 1 1 1 1 1 
"adis. 0 0 0 1 1 1 1 1 0 1 1 1 1 
betes re 9. 1 0 0 1 1 1 1 0 "s 1 1 
c 0 0 1 0 d 1 1 1 1 1 0 1 1 
Se 0 4 4 a 1 1 JEEP ES 
7 MEN — 1 1 1 1 1 1 1 1 1 0 


dex (c) Truth table 
.. Fig.7.43 74LS138, 3-line to 8-line decoder. 
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8421 BCD-to-Decimal Decoder (4-Line to 10-Line Decoder) 


BCD-to-Decimal Decoder (7442) 


Figure 7.44a shows the logic diagram for a 7442 BCD-to-decimal decoder. It is also 
available as a 74LS42 and 74HC42. An output goes LOW only when its corresponding BCD 
input is applied. For example, D, will go LOW only when the input AA;A,Ag = 0100, zi 
will go LOW only when the input A,A;A;A, = 0111. For input combinations that are invali: 
for BCD, none of the outputs will be activated. This decoder can also be referred to as a 
4-to-10 decoder, or a 1-of-10 decoder. The pin diagram and the truth table for 7442 are 
shown in Figs. 7.44b and c, respectively. 


BCD inputs 
c 


BCD/DEC op 


(b) Pin diagram 


Input BCD code Actual 
Ay Ar A 


0 
0 
0 
0 
0 
0 
0 
0 
1 

1 

1 


Decimal outputs 


*-ooo2o22o2o0ooo 

'"oo22oo0o2o2oo 

"'o2o02o02o02o2o|» 
iz 


1 1 none 


(c) Truth table 
(a) Logic diagram 


Fig. 7.44 BCD-to-decimal decoder 7442. 


274 Fundamentals of Digital Circuits 


BCD-to-Decimal Decoder/Driver 


The TTL 7445 IC is a BCD-to-decimal decoder/driver. The term ‘driver’ is added to its 

description because this IC has open-collector outputs that can operate at higher current and 

voltage limits than a normal TTL output. It makes 7445 suitable for directly driving loads 
i such as indicator LEDs or lamps, relays or DC motors. 


4-to-16 Decoder from two 3-to-8 Decoders 


Figure 7.45 shows the arrangement for using two 74138s, 3-to-8 decoders, to obtain a 


4-to-16 decoder. The most significant input bit A; is connected to E, on the upper decoder 
(for D; through D;) and to E, on the lower decoder (for D, through D,5). Thus, when A 
is LOW, the upper decoder is enabled and the lower decoder is disabled. When A, is HIGH, 
the lower decoder is enabled and the upper decoder is disabled. j 


2 A Binary inputs Decimal 
è A A A, A A output 
Ed 1 (active low) 
S | Ar 0 000 D, 
& L^ 5 0 0 0 1 D, 
3 0 010 D; 

3 opa D, 

01—1.—0-0 D, 

H à OF 4 0 ]1 D, 

8 0| 3 H lo D, 

3 (oem, ]1 D; 

à 1| "0 70 T6 D, 

At 0:50.41 D, 

5 11—0—3—10 Dy 

i pO. Hoda D, 

| ee oe Os Di; 

E 1171770711 Dy 

Li "joy Io D, 

TET Dis 

(a) Logic diagram (b) Function table 


Fig.7.45 Connecting two 74138 3-to-8 decoders to obtain a 4-to-16 decoder. 
Decoder Applications 
Decoders are used whenever an output 9r a group of outputs is to be activated only on the 
n of input levels, These input levels are often provided by 
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7.17 BCD-TO-SEVEN SEGMENT DECODERS 


This type of decoder accepts the BCD code and provides outputs to energize scven segment 
display devices in order to produce a decimal read out. Sometimes, the hex characters A 
through F may be produced. Each segment is made up of a material that emits light when 
current is passed through it. The most commonly used materials include LEDs, ncandescent 
filaments and LCDs. The LEDs generally provide greater illumination levels but require more 
power than that by LCDs. 

Figure 7.46a shows a seven segment display consisting of seven light emitting 
segments. The segments are designated by letters a-g as shown in the figure. By 
illuminating various combinations of segments as shown in Fig. 7.46b, the numbers 0-9 can 
be displayed. Figures 7.46c and d show two types of LED displays—the common-anode 
and the common-cathode types. In the common-anode type, a low voltage applied to an 
LED cathode allows current to flow through the diode, which causes it to emit light. In the 
common-cathode type, a high voltage applied to an LED anode causes the current to flow 
and produces the resulting light emission. 

An 8-4-2-1 BCD-to-seven segment decoder is a logic circuit as shown in Fig. 7.47a. 
The function table for such a decoder is shown in Fig. 7.47b. Since a 1 (HIGH) on any 
output line activates that line, we assume that the display is of the common-cathode type. 
The K-map used to simplify the logic expression for driving segment b is shown in 
Fig. 7.47c. Entries 10-15 are don't cares as usual. Since LEDs require considerable power, 
decoders often contain output.drivers capable of supplying sufficient power. 


we A,A AAG A,A A Ag + A,A,AjAg #A3A2A\Ag* AGA, A LA 
+ AAA Ao + ASASA Ay + ASASA LAS 
Er mo, 23, 4, 7, 8,9) 
Don't cares, d = E m(10, 11, 12, 13, 14, 15) 


7.18 DISPLAY DEVICES 


Display devices provide a visual display of numbers, letters, and symbols in response to 
electrical input, and serve as constituents of an electronic display system. 


Classification of Displays 

The commonly used displays in the digital electronic field are as follows: 
Cathode Ray Tube (CRT) 

Light Emitting Diode (LED) 


Liquid Crystal Display (LCD) 
Gas Discharge Plasma Display (Cold-cathode Display or Nixie) 


Electro-luminescent (EL) Display 
Incandescent Display 


O^ Rot — 
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a 
f b 
8-4-2-1 
BCD input 
e| c 
d 


(a) Letters used to designate the segments. 


c-0n0o0c070? 


b = A, +A, A, + A, Ay 


a a a 
p 
(a) Logic circuit (c) K-map to derive simplified expression 
fj b fi S b f b for driving segment (b) 
“4 zu Ib [S Decimal digit 8-4-2-1 BCD Seven segment code 
A Ay d e f 
d d d 
1 2 3 
a a a 
pil 
f De af} b- 3f 
e| c e| c e 
d d d 
6 7 8 


> 
o 


o 


Ero conca zt en-elm 


c 


OMNANEWNAO 
-——o000000500057 0 
oo02222o0000 
oo a o 
2o02o02o6020220|» 
= X Lao0o02-2szou.--|u; 
ae ee ae ese He OF H/0 
e āe 077+ 02 20- 
o-o-=000-20- 
=~=-0O0-.3000 
-—-o02222200)|o 


c 


(b) Function table 


(b) By causing different combinations of the segments to illuminate (shown with solid black), the 


numerals 0-9 can be displayed. Fig. 7.47 BCD-to-seven segment decoder. 


7. Electrophoretic Image Display (EPID) 
8. Liquid Vapour Display (LVD) 
In general, displays are classified in a number of ways, such as follows: 
1. On the methods of conversion of electrical data to visible light: 
(a) Active displays (light emitters—CRTs, Gas discharge plasma, LEDs, etc.) 
(b) Passive displays (light controllers—LCDs, EPIDs, etc.) 
2. On the applications: 
(a) Analog displays—Bargraph displays (CRT) 
c eeuen anode LED display. (8) A common-cathode LED display. (b) Digital displays—Nixies, Alphanumeric, LEDs, etc. 


Fia. 7.46 The seven segment display 3. According to the display size and physical dimensions: 
i (a) Symbolic displays—Alphanumeric, Nixie tubes, LEDs, etc. 


*Vec 


d e ti 
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(b) Console displays—CRTs, LCDs, etc. 
(c) Large screen displays—Enlarged projection system. 
. According to the display format: 
(a) Direct view type (flat panel planar)—Segmental dot matrix, CRTs 
(b) Stacked electrode (non-planar type)—Nixie 
. In terms of resolution and legibility of characters: 
(a) Simple, single-element indicator 
(b) Multi-element displays. 


The Light Emitting Diode (LED) 


In a forward-biased diode, free electrons cross the junction and fall into holes. When they 
recombine, these free electrons radiate energy as they fall from a higher energy level to a lower 
one. In a rectifier diode, the energy is dissipated as heat, but in an LED, the energy is 
radiated as light. By using elements like gallium, arsenic, and phosphorous, a manufacturer 
can produce LEDs that radiate red, green, yellow, orange, and infrared radiation (invisible). 
LEDs that produce visible radiation are used in instrument displays, calculators, digital 
watches, etc. 

The infrared (IR) LED finds applications in burglar-alarm systems and other areas 
requiring invisible radiation. Generally, the infrared emitting LEDs are coated with phosphor 
so that, by the excitation of phosphor, visible light can be produced. 

The advantages of using LEDs in electronic displays are: 


1. LEDs are very small and can be considered as point sources of light. They can, 
therefore, be stacked in a high density matrix to serve as a numeric and 
alphanumeric display. z 

2. The light output from an LED is a function of current flowing through it. An LED 
can, therefore, be controlled smoothly by varying the current. This is particularly 
useful for operating LED displays under different ambient lighting conditions. 


3. LEDs are highly efficient emitters of EM radiation. LEDs with light output of 
different colours, i.e. red, yellow, amber, and green are commonly available. 


4. LEDs are very fast devices, having a turn-on/off time of less than 1 ms. 

5. The low supply voltage and current requirements of LEDs make them compatible 

—— with TTL ICs. 

6. LEDs are manufactured with the same type of technology as that used for 
transistors and ICs and, therefore, they are economical and have a high degree of 


reliability. 
7. LEDs are rugged and can, therefore, withstand shocks and vibrations. They can be 
operated over a wide range of temperature say, 0-70°C. 
The disadvantage of LEDs compared to LCDs is their high power requirement. Also, 
LEDs are not suited for large area displays, primarily because of their high cost. 
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The Liquid Crystal Display (LCD) 


A liquid crystal is a state of matter between a solid and a liquid. The characteristic feature 
of a liquid crystal is its long cylindrical molecules. The alignment of molecules can exist only 
over a limited temperature range of 0-50?C with most available devices. 

Liquid crystal displays (LCDs) are used in similar applications where LEDs are used. 
These applications are display of numeric and alphanumeric characters in dot matrix and 
segmental displays. 

LCDs are of two types—dynamic scattering type and field effect type. The dynamic 
scattering liquid crystal cell is constructed by layering the liquid crystal between glass sheets 
with transparent electrodes deposited on the inside faces. The liquid crystal material may 
be one of the several organic compounds which exhibit optical properties of a crystal, 
though they remain in liquid form. When a potential is applied across the cell, charge 
carriers flowing through a liquid disrupt the molecular alignment and produce turbulence. 
When the liquid is not activated, it is transparent. When the liquid is activated, the molecular 
turbulence causes light to be scattered in all directions and the cell appears to be bright. The 
phenomenon is called dynamic scattering. 

The construction of a field effect liquid crystal display is similar to that of the dynamic 
scattering type, with the exception that two thin polarizing optical filters are placed at the 
inside of each glass sheet. The liquid crystal material in the field effect cell is also of 
different type from that employed in the dynamic scattering cell. The material used is 
twisted nematic type and it actually twists the light passing through the cell when the latter 
is not energized. This allows the light to pass through the optical filters and the cell appears 
bright. When the cell is energized, no twisting of light takes place and the cell appears dull. 

Liquid crystal cells are of two types—transmittive type and reflective type. In the 
transmittive type cell, both glass sheets are transparent, so that light from a rear source is 
scattered in the forward direction when the cell is activated. The reflective type cell has a 
reflective surface on one side of the glass sheets. The incident light on the front surface 
of the cell is dynamically scattered by an activated cell. Both types of cells appear quite 
bright when activated even under ambient light conditions. 

The liquid crystals are light reflectors or transmitters and, therefore, consume small 
pa ee, of LCDs are low power consumption and low cost. The disadvantages 
are that they occupy a large area and their operating speed is low. LCDs are normally used 


for seven segment displays. 


Operation of Liquid Crystal Displays 

polarizing light so that a non-activated segment reflects incident light and 
gainst its background. An activated segment does not reflect incident 
dark. LCDs consume much less power than LED displays and are 
red devices such as calculators and watches. An LCD does not 
it cannot be seen in the dark. It requires an external 


LCDs operate by 
thus appears invisible a 
light and thus appears 
widely used in battery powe 
emit light energy like an LED. So, 


source of light. from a low voltage (typically 3-15 V rms), low frequency 


i Ds operate 
m" pees em os draw very little current. They are often arranged as seven segment 
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displays for numerical read-outs as shown in Fig. 7.48. The ac voltage needed to turn on 
a segment is applied between the segment and the backplane which is common to all 
segments. The segment and the backplane form a capacitor, that draws very little current 
as long as the ac frequency is kept low. The frequency is generally not lower than 25 Hz, 
because that would produce visible flicker. 


Backplane 


Fig. 7.48 Liquid crystal display. 


Driving an LCD 


An LCD segment will turn on, when an ac voltage is applied between the segment and the 
backplane, and will turn off, when there is no voltage between the two. Rather than 
generating an ac signal, it is common practice to produce the required ac voltage by 
-applying out-of-phase square waves to the segment and the backplane. Figure 7.49 
illustrates the driving arrangement for one segment. A 40 Hz square wave is applied to the 
backplane and also to the input of a CMOS 4070 X-OR gate. The other input to the X-OR 
is a control input, that controls the ON/OFF state of the segment. 


Segment 


SSH 


Fig. 7.49 Method for driving the seven segment LCD. 


When the CONTROL input is LOW, the X-OR output will be exactly the same as the 

4 uare wave, so that the signals applied to the segment and the backplane are equal. 
Since there is no difference in voltage, the segment will be OFF. When the CONTROL input 
is HIGH, the X-OR output will be the inverse of the 40 Hz square wave, so that the signal 
applied to the segment is out-of-phase with the signal applied to the backplane. As a result, 
the s tage will alternatively be at + 5 V and — 5 V relative to the backplane. 
I I turn on the segment. The same idea can be extended to a complete 

D display as shown in Fig. 7.50. 
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All 40708. 


BCD to 
seven 
segment 
decoder/ 
driver 


= Backplane 
Fig. 7.50 Circuit for driving the seven segment LCD. 


In general, CMOS devices are used to drive LCDs for two reasons. First, they require 
much less power than that by TTL and are more suited to the battery-operated applications 
where LCDs are used. Second, as the TTL LOW state voltage is not exactly 0 V, and car 
be as much as 0.4 V, it produces a de component of voltage between the segment and the 
backplane which considerably shortens the life of an LCD. 


Incandescent Seven Segment Displays 


Incandescent displays use light-bulb filaments as the segments. When current is made to 
flow through these filaments, they become hot and thus glow. They emit a bright white light 
that is easy to read. They are sometimes covered with coloured filters to provide coloured 
light. These displays are much less efficient than the LED types because they require more 
current per segment, and therefore, are not used in battery-operated devices such as 
calculators and multimeters. They are, however, used in electronic cash registers and other 


line-operated devices where power consumption is not critical. 


7.19 ENCODERS 


A i i i igi d/or alphabetic ch: 
a device whose inputs are decimal digits an aracters and 
D mus are the coded representation of those inputs. In other words, an encoder 
may be said to be a combinational logic circuit that performs the ‘reverse’ operation of the 
Mcd The opposite of the decoding process is called encoding, i.e. encoding is a process 
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of converting familiar numbers or symbols into a coded format. A decoder accepts an 
N-bit input code and produces a HIGH (or LOW) at one and only one output line. In other 
words, we can say that a decoder identifies or recognizes or detects a particular code. An 
encoder has a number of input lines, only one of which is activated at a given time, and 
produces an N-bit output code depending on which input is activated. Figure 7.51 shows 
the block diagram of an encoder with M inputs and N outputs. Here the inputs are active 
HIGH, which means they are normally LOW. 


Fig. 7.51 Block diagram of encoder. 


Octal-to-Binary Encoder 


A binary-to-octal decoder (3-line to 8-line decoder) accepts a 3-bit input code and activates 
one of 8 output lines corresponding to that code. An octal-to-binary encoder (8-line to 3- 
line encoder) accepts 8 input lines and produces a 3-bit output code corresponding to the 
activated input. Figure 7.52 shows the truth table and the logic circuit for an octal-to-binary 
encoder with active HIGH inputs. E 


Octal inputs 


D, D; D; D, D, D, D, 


22220000» 
Eo. 552s 
-o2o0202-220.» 
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__ From the truth table, we see that A is a 1 if any of the digits D, or D, or Dg or D; 
is a 1, Therefore, 


A, = D, + D; + Dy + D; 
Similarly 
A, = D; + D + D; + D; 
and 
Ay = Di + Dj + D, + D; 
We see that Dy is not present in any of the expressions. So, Dy is a don’t care. 


Decimal-to-BCD Encoder 


This type of encoder has 10 inputs—one for each decimal digit, and 4 outputs 
corresponding to the BCD code as shown in Fig. 7.53a, This is a basic 10-line to 4-line 
encoder. The BCD code is listed in the truth table (Fig. 7.53b) and from this we can 
determine the relationships between each BCD bit and the decimal digits. There is no explicit 
input for a decimal 0. The BCD output is 0000 when the decimal inputs 1-9 are all 0. 


0 
1 
2 
3 
4 
5 
6 
7 
8 
9 


(a) Logic symbol 


Decimal inputs 
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(c) Logic diagram 
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Fig. 7.53 Decimal-to-BCD encoder. 
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The logic circuit of the decoder is shown in Fig. 7.53c. From the table, we get 


A; = Dy + Dy 

A, = D; + Ds + Dg + D; 

A, = D, + D, + Dg + D; 

Ay = Dj + D; + D; + D; + Dy 


7.20 KEYBOARD ENCODERS 


Figure 7.54 shows a typical keyboard encoder consisting of a diode matrix, used to encode 
the 10 decimal digits in 8-4-2-1 BCD. 


V, 


ec 


icu ie d 
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The S-R flip-flops are used to store the BCD output. When a key corresponding to one 
of the decimal digits is pressed, a Positive voltage forward biases the selected diodes 
connected to the SET(S) and RESET(R) inputs of the flip-flops. The diodes are so arranged 
that each flip-flop sets or resets, as necessary to produce the 4-bit code corresponding to 
the decimal digit. For example, when the key 7 is pressed, the diodes connected to the S 
inputs of Q4, Qo, and Q; are forward biased, as is that connected to the R input of Qg. Thus, 
the output is 0111. Note that, the diode configuration at each S and R input is essentially 
a diode OR gate. Diode matrix encoders are found on printed circuit boards of many devices 
having a keyboard as the means of data entry. 


7.21 PRIORITY ENCODERS 


The encoders discussed so far will operate correctly, provided that one and only one 
decimal input is HIGH at any given time. In some practical systems, two or more decimal 
inputs may inadvertently become HIGH at the same time. For example, a person operating 
a keyboard might press a second key before releasing the first. Let us say he presses key 3 
before releasing key 4. In such a case the output will be 7,5 (0111) instead of being 4,5 or 3,5. 

A priority encoder is a logic circuit that responds to just one input in accordance with 
some priority system, among all those that may be simultaneously HIGH. The most common 
priority system is based on the relative magnitudes of the inputs; whichever decimal input 
is the largest, is the one that is encoded. Thus, in the above example, a priority encoder 
would encode decimal 4 if both 3 and 4 are simultaneously HIGH. 

In some practical applications, priority encoders may have several inputs that are 
routinely HIGH at the same time, and the principal function of the encoder in those cases 
is to select the input with the highest priority. This function is called arbitration. A common 
example is found in computer systems, where there are numerous input devices and several 
of which may attempt to supply data to the computer at the same time. A priority encoder 
is used to enable that input device which has the highest priority among those competing 


for access to the computer at the same time. 


Decimal-to-BCD Priority Encoder 


é ic function of encoding the decimal digits into 
This type of encoder performs the same basic : É 
ante BCD outputs, AW performed by a normal decimal-to-BCD encoder. It, however, 
offers the additional facility of providing priority. That is, it produces a BCD output 
corresponding to the highest order decimal digit appearing on the inputs and ignores all 


others. r iority detection logic. The i 
t the requirements for the priority detection logic. purpose of this 
Now, let doge a lower order digit input from disrupting the encoding of a 
logis ska a it. This is accomplished by using inhibit gates. Referring to the truth table 
REN pm dese Tibe decimal-to-BCD encoder of Fig. 7.53, note that A, is HIGH when 
is HIGH. 4 

Di, Ds, Ds, Dy pan a input digit 1 will be allowed to activate the Ao output, only if 
Am iam digits other than those that also activate Ap are HIGH, i.e. Dj, D,, Dg, and 

no hi 
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D, must be LOW. If any of those are HIGH, then Ag will be LOW. This can be stated as 
follows: 
Ag is HIGH if, 


D, is HIGH and D, D,, D, and D, are LOW 
OR 

D, is HIGH and D,, D,, and D, are LOW 
OR 

D, is HIGH and D, and D, are LOW 
OR 

D; is HIGH and D, is LOW 
OR 

D, is HIGH. 

Thus, 

A, = DjD;D,D,D, + D,D,D,D, + D,D,D, + D:D; + D, 


Similarly, A, i i : jai 
veg m = is HIGH when D,, D3, De, or D; is HIGH. So, in the priority encoder A, 


D; is HIGH and D,, Ds, D,, and D, are LOW 
OR 
D; is HIGH and D,, Ds, Dg, and D, are LOW 
pra us 
DE PRUGH and D, aud D, arc LOW 


„D.D +D.D.D.DD nn Cue 
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OR 
D, is HIGH and D, and D, are LOW 
OR 
D; is HIGH and D, and D, are LOW. 
Thus, 
A; = DjD4D; + D;D;D, + D,D,D, + D;D,D, 


Finally, A, is HIGH if D, is HIGH or if D, is HIGH. So, in the priority encoder A, will 
be HIGH if Dg is HIGH OR D, is HIGH. 

Thus, 

A; = D; + D, 

The truth table operation of the priority encoder is shown in Table 7.2. The truth table 
clearly shows that the magnitudes of the decimal inputs determine their priorities. If any 
decimal input is active it is encoded, provided all higher value inputs are inactive regardless 
of the states of all lower value inputs. 


Table 7.2 Truth table of a decimal-to-BCD priority encoder 


Decimal inputs (x = Don't care) 
D; Ds Ds D; 
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XC M i SEn 
Lom a Soyer 
"2200002242 
"-oo22oo2a 

os 6-0-0605 0" 


1 
x 
EC 
0 
1 
1 
1 
1 
1 
T 


IRSE TUER ATUS 


OX X XOX X X X X -— 
-—OX XX X XXX = 
-——OX XX XXX -— 


Figure 7.55 shows the logic diagram for the 74147 priority encoder. In this device, the 
inputs and the outputs are active LOW. 


Octal-to-Binary Priority Encoder 

at the inputs of digital circuits that require manual entering of 
74148 IC has been designed to achieve this operation. 
Its block diagram is given in Fig. 7.56. This circuit has active LOW inputs and active LOW 


i id the Gray outputs which are also active Low are used to 
Pons Ac E Tm ne inputs. A hexadecimal-to-binary encoder which is also a 
NERA TUAM because of the widespread use of the hexadecimal code in computers, 
n popas etc. can be designed using this facility. 


The octal code is often used 
long binary words. Priority encoder 
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D, 


(0-F) in the hexadecimal number system, two 74148 encoders 
0-7 are applied to ICI input lines and hexadecimal inputs 
Whenever one of the inputs of IC2 is active (LOW), IC1 must be 
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All 

B Binary outputs 
e (active low) 
Octal inputs (MSB) 

(active low) 


NOMS VN- 


. D GS | Gray outputs 
Enable input d b EO } (active low) 
(active low) 


Fig. 7.56 Octal-to-binary priority encoder. 


disabled. On the other hand, if all the inputs of IC2 are HIGH, then IC1 must be enabled. 
This is achieved by connecting the EO line of IC2 to the EI line of ICI. A quad 2:1 
multiplexer is required to get the proper 4-bit binary outputs, The complete circuit is shown 
in Fig. 7.57. The GS output of 74148 goes LOW whenever one of its inputs is active. 
Therefore, the GS of IC2 is connected to the SELECT input of 74157. The 74157 selects 
its A inputs if the SELECT input is LOW, otherwise B inputs are selected. The outputs of 
the multiplexer are the required binary outputs and are active LOW. This circuit is also a 
priority encoder. 


"-oo5tom-o 


S L 4-bit 
Hexa decimal inputs binary outputs 
(active low) P (active low) 


mmooo»oco 


encoder using 74148s and 74157. 


Fig. 7.57 Hexadecimal-to-binary 
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7.22 MULTIPLEXERS (DATA SELECTORS) 


Multiplexing means sharing. There are two types of multiplexing—time multiplexing and 
frequency multiplexing. A common example of multiplexing or sharing occurs when several 
peripheral devices share a single transmission line or bus to communicate with a computer. 
To accomplish this sharing, each device in succession is allocated a brief time to send or 
receive data. At any given time, one and only one device is using the line. This is an example 
of time multiplexing, since each device is given specific time intervals to use the line. In 
frequency multiplexing, several devices share a common line by transmitting at different 
frequencies. In a large mainframe computer, numerous users are time-multiplexed to the 
computer in such a rapid succession that all appear to be using the computer simultaneously. 

A multiplexer (MUX) or data selector is a logic circuit that accepts several data inputs 
and allows only one of them at a time to get through the output. The routing of the desired 
data input to the output is controlled by SELECT inputs (sometimes referred to as 
ADDRESS inputs). Figure 7.58 shows the functional diagram of a general multiplexer. In 
this diagram, the inputs and outputs are drawn as large arrows to indicate that they may 
constitute one or more signal lines. 


Data 
inputs 


Fig. 7.58 Functional diagram of a digital multiplexer. 


The multiplexer acts like a digitally controlled multi-position switch. The digital code 
applied to the SELECT inputs determines which data inputs will be switched to the output. 
For example, the output Z will equal the data input D, for some particular input code; Z 
will equal D, for another particular code, and so on. In other words, we can say that à 
multiplexer selects 1-out-of-N input data sources and transmits the selected data to a single 
output channel. This is called multiplexing. 


Basic 2-input Multiplexer 


Figure 7.59 shows the logic circuitry and function table for a 2-input multiplexer with data 
inputs D; and D,. and data select input S. The logic level applied to the S input determines 
which AND gate is enabled. so that its data input passes through the OR gate to the output. 
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The output, Z = SD, + SD,. 


When S = 0, AND gate 1 is enabled and AND gate 2 is disabled. So, Z = Do. 
When S = 1, AND gate 1 is disabled and AND gate 2 is enabled. So, Z = D,. 


Z=D,S+D,S 


Seea MUST cay Logic diagram (b) Function table 


Fig. 7.59 The 2-input multiplexer. 


The 74157 Quadruple 2-Input Data Selector/Multiplexer 


The 74157 consists of four separate 2-input multiplexers on a single chip. Each of the four 


multiplexers share a common data select line and a common E (Enable) line as shown 
in Fig. 7.60a. Because there are only two inputs to be selected from each multiplexer, a 


single data select input is sufficient. A LOW on the E input allows the selected input data 


(b) Truth table 


Data select 


Enable (19) 
B s; (b) Logic symbol 
(a) Logic diagram 


Fig.7.60 The 74157 quadruple 2-input data selector/multiplexer. 


' 
| 
| 
i 
| 
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to pass through to the output. A HIGH on the E input prevents data from going through 
to the output, i.e. it disables the multiplexers. The ANSI/IEEE logic symbol for this device 
is shown in Fig. 7.60b. 

Note that the four multiplexers are indicated by the partitioned output line and that the 
inputs common to all the four multiplexers are indicated as inputs to the ‘notched’ block 
at the top, which is called the ‘common control block’. All the labels within the upper MUX 
block also apply to the other blocks below it. 

Note the 1 and T labels in the MUX block and the G1 label in the common control 
block. These indicate dependency notation. In this case, G1 indicates an AND relationship 


between the data select input and the data inputs with 1 or 1 labels. (The 1 means that 
the AND relationship applies to the complement of the G1 input.) In other words, when the 
data select input is HIGH, the B inputs of the multiplexers are selected, and when the data 
select input is LOW, the A inputs are selected. The G is always used to denote AND 
dependency. 


The 4-input Multiplexer 


Figure 7.61a shows the logic circuitry for a 4-input multiplexer with data inputs Do, Dj, D», 
and D,, and data select inputs Sọ and S,. The logic levels applied to the Sọ and S, inputs 
determine which AND gate is enabled, so that its data input passes through the OR gate to 
the output. The function table in Fig. 7.61b gives the output for the input select codes as 


Z = S,SQD, + S,SD, + S,SqD, + SjSyD, 


The 2-4-8-16-input multiplexers are readily available in the TTL and CMOS families. 
These basic ICs can be combined for multiplexing a larger number of inputs. Some 
packages contain more than one multiplexer, for example, the 74157 quad 2-to-1 multiplexer 
(four 2-to-] multiplexers having the same data select inputs) and the 74153 dual 4-to-l 


multiplexer. Some designs have 3-state outputs and others have open collector outputs. 
Most have enable inputs to facilitate cascading. 


48,8) EU 
0 0 D, 
0 1 D, 
1 0 D; 
ees) D, 
(b) Function table 


Fig.7.61 The 4-input multiplexer. 
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The 74151A 8-input Data Selector/Multiplexer 


Figure 7.62a shows the logic diagram for an 8-input multiplexer. This multiplexer has 8 data 
inputs, 3 data select inputs and an enable input E (Enable). A LOW on the E input allows 


the selected input data to pass through to the output. When E = 1, the multiplexer is 
disabled, so that Z = 0, regardless of the select input code. Note that the output as well 
as its complement are available. The operation of the MUX is illustrated in the truth table 


of Fig. 7.62b. 


__Inputs — Output 
ES,S,S, Z 
Enable HXXX L 
tig Aai r 
t EPH. b 
C jr JP: 
EE Hi Hue BS 
kea SLE beo D, 
Le HUE tas B: 
L HHA D, 
Data L HHH D, 
inputs 
Enable 
So 
S, 
S, 
D, 
D, 
D, 
D, 
Data D. 
select D, 
D, 


(c) ANSI/IEEE logic symbol 
(a) Logic diagram 
Fig. 7.62 The 74151A 8-input d 


lata selector/multiplexer. 


51A is shown in Fig. 7.62c. In this case, there 


fas 741 gic symbol, because there is only one 


i mbo! 
The ANSI/IEEE logic sy SR d 


i common contro à 
Mn 0 label within the logic symbol 


be controlled, not four as in the 74157. The G 7 


multiplexer to lect input and each of the data inputs 0-7. 


indicates the AND relationship between the data sel 
from Two g-input Multiplexers 


wo 8-input multiplexers (74151A) to get a 
erter are also required. The four select inputs 


The 16-input Multiplexer 


i to use t 
Figure 7.63 shows an- arrangement à 
16-input multiplexer. One OR gate and one inv 
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High-order MUX 


Low-order MUX 


Final 
output X 


74151A 


74151A 
Fig. 7.63 Logic diagram for cascading of two 74151As to get a 16-bit multiplexer. 


S, S, S, and S, will select one of the 16 inputs to pass through to X. The S, input 
determines which multiplexer is enabled. When S, = 0, the right multiplexer is enabled and 
Sa S,, and S, inputs determine which of its data inputs will appear at its output and pass 
through the OR gate to X. When S, = 1, the left multiplexer is enabled and S,, S,, and S, 
inputs select one of its data inputs for passage to output X. 


7.23 APPLICATIONS OF MULTIPLEXERS 


Multiplexers find numerous and varied applications in digital systems of all types. These. 
applications include data selection, data routing, operation sequencing, parallel-to-serial 
conversion, waveform generation, and logic function generation. ' qiiod 


Logic Function Generator y 


A multiplexer can be used in place of logic gates to implement a logic expression. It can 
be so connected that it duplicates the logic of any truth table, i.e. it can generate any Bool 

algebraic function of a set of input variables. In such applications, the multiplexer can be 
viewed as a function generator, because we can easily set or change the logic function dt 
implements. One advantage of using a multiplexer in place of logic gates is that, a single 


i} 
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integrated circuit can perform a function that might otherwise require numerous integrat 
circuits. Morever, it is very to change the logic function implemented, i Km 
redesign of a system beca ries eeek ad E» cus 

The first step in the design of a function generator usi multiplexer is to construct 
a truth table for the function to be implemented. Then, oan gal 1 to - data input 
of the multiplexer corresponding to cach combination of the input variables, for which the 
truth table shows the function to be equal to 1. Logical 0 is connected to the remaining data 
inputs. The variables themselves are connected to the data select inputs of the multiplexer. 
For example, suppose the truth table specifies that the function F equals | for the input 
combination 110. So, when S;S,S; = 110, the data input 6, which is connected to logical 
1, will be selected. This will route a 1 to the output of the multiplexer. 


EXAMPLE 7.9 Use a multiplexer to implement the logic function F = A © B @ C. 


Solution 


The truth table for F and the logic diagram to implement F are shown in Fig. 7.64. Since 
there are three input variables, we can use a multiplexer with three data select inputs (an 
8-to-1 MUX). The truth table shows the use of data select inputs S} S,, and Sọ for input 
variables A, B, and C respectively. Since F = 1 when ABC = 001, 010, 100, and 111, we 


Output=F — 
Output 
S, S, S F=A@BeC 
A B C 
wo 0 ` 
pa e af 1 e 
(yes met co 1 — 
Qa 0 ' — Áit 
TORO PIE 1 y de agnó anm ar 
120, eni 0 
15, heel 0 ary OF leas 
A dod 1 1 n" 


(a) Truth table Bf agic 
Fig. 7.64 Use of 74151A to implement the logic function F = A 
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puts Dy, Ds. D,, and D;. Logical 0 is connected to other data 
When the "data select inputs are any of the combinations for 
ill be 1, and when the data select inputs are any of the 
Il be 0. Thus, the multiplexer behaves in exactly 
lementing the function F would behave. 


connect logical 1 to data in 
inputs Do, Ds, Ds, and Ds. 
which F = 1, the output w | 
combinations for which F = 0, the output wt 
the same way that a set of logic gates imp! 
Itiplexer with n-data select inputs can implement any function of n +1 
is to use the most significant input variable and its 
ent to drive some of the data inputs. Suppose, we wish to implement a 4-variable 
multiplexer with three data select inputs. Let the input variables be 
A, B, C, and D; A is the MSB. A truth table for the function F (A, B, C, D) is constructed. 
In the truth table, we note that BCD progresses twice through the sequence 000, 001,..., 
111: once with A = 0 and again with A = 1. The following rules are used to determine the 


connections that should be made to the data in| 


In general, a mu 
variables. The key to this design 
complem 
logic function using à 


puts of the multiplexer. 


1. If F = 0 both times when the same combination of BCD occurs, connect logical 0 


to the data input selected by that combination. 
2. If F= 1 both times when the same combination of BCD occurs, connect logical 1 
to the data input selected by that combination. 


3. If F is different for the two occurrences of a combination of BCD, and if F = Ain 


each case, connect A to the data input selected by that combination. 


4. If F is different for the two occurrences of a combination of BCD, and if F = A 


in each case, connect A to the data input selected by that combination. 


EXAMPLE 7.10 Use a multiplexer having three data select inputs to implement the logic for 
the function 
F - E m(0, 1, 2, 3, 4, 10, 11, 14, 15). 


Solution 


The truth table for the given function is shown in Fig. 7.65a. Since the given function 
is priaug variables, we can use a multiplexer with three data inputs as shown in 
Fig. 7.65b. As seen from the table, since F is different for each of the two occurrences 


of BCD = 000, BCD = 001, and BCD = 100, and since F = A in each such case, A is 

connected to the data inputs of Do, D, and D4. : 
Since F is different for cach of the two occurrences of BCD = 110 and BCD = 111, 
and since F = A in both cases, A is connected to D, and D}. Since F is the same for each 
" = two occurrences of BCD = 010 and BCD = 011, and since F = | in both cases, 
: pieces p to D;\and D. And since F is the same for both the occurrences of BCD 
, and since F = 0 in both the cases, 0 is connected to Ds. Figure 7.65b shows the 


resultant logic diagram. 


Parallel-to-Serial Data Conversion 


Ov d performing parallel-to-serial data conversion is by using a multiplexer. 
g .66a shows the logic diagram to convert an 8-bit parallel data into serial form using. 
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$, S S Value For both 

A.B) COD F ofr occurrences of 
Do. IL eae 13. SK BCD - 000 
0.0 0 1 4 A BCD = 001 

0 -opm 0 dT BCD - 010 
09901 1 1.1 BCD = 011 
lue sO E TOA BCD = 100 
0 -oron DEM BCD = 101 

0 1 1 0 0 A 

Om 1 1 OTA 

1, 0 (Oe 0 À 

1 0 0 1 QA 

1" OTI 0 1 Ti 

1 ron w 1 1—43 

1 ^? QD ERES 
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TT 1 0 ALLUA 

mm 1 1 1 A 

(a) Truth table (b) Logic diagram 


Fig. 7.65 Use of the multiplexer to implement the logic for the function 
F = X m(0, 1, 2, 3, 4, 10, 11, 14, 15). 


an 8-input multiplexer. The data are present in parallel form at the outputs of the register 
X and are fed to the 8-input multiplexer. A 3-bit (mod-8) counter is used to provide the 
select code bits S,S,So, so that they cycle from 000 to 111 as clock pulses are 


applied. In this way, the output of the multiplexer will be X, during the first clock period, 
X, during the second clock period, and so on. The output Z is a waveform, which is a serial 
66b are for the case 


representation of the parallel input data. The waveforms in Fig. 7. r 
X;XQX,X,X,X;X,Xo = 11001010. This conversion process takes a total of eight clock 
cycles. Note that X; (the LSB) is transmitted first and X; (MSB) is transmitted last. 


Multiplexing Seven segment Displays 


Optical output displays such as seven segment displays, ty aeos à 
power. In AER where power consumption is à major concern, such as pocket 
calculators, and where several displays must be illuminated 
used to reduce power consumption. Instead of illuminating . IN. 
a multiplexer selects each display in turn. If the rate at which t? 

is fast enough (usually around 30 times per second), human 


detect any flicker, and it will appear that all Lr pa! Same te 
power consumption will be no greater than that of a single display 
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(a) Logic diagram 


CLK 


0 
X 


X, X X X, X. Xa X, 


(b) Waveforms 


Fig.7.66 Parallel-to-serial data converter. 


Figure 7.67 shows a simplified method of multiplexing BCD numbers to a seven 
segment display. In this example, 2-digit numbers are displayed on the segment read-out 
using a single BCD to seven segment decoder. This basic method of multiplexing can be 
extended to displays with any number of inputs. The basic operation is as follows: 

Two BCD digits (A and B) are applied to the multiplexer inputs. A square wave is 
applied to the data select line and when it is LOW, the A bits (A3A5A,A,) are routed to the 
inputs of the 7449 BCD-to-seven segment decoder. The LOW on the data select also puts 
a LOW on the 1 input of the 74139, 2-line to 4-line decoder, thus activating its 0 output 
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BCD/7-SEG 


LOW selects A,A,A A, 


HIGH selects B, B.B B, 
cL 3 B2B o 
Data 


1 
2 74139 


Fig. 7.67 Simplified seven segment display multiplexing logic. 


and enabling the A-digit display by effectively connecting its common terminal to ground. 
The A-digit is now ON and the B-digit is OFF. 

When the data select line goes HIGH, the B bits (B;B;B,B;) are routed to the inputs of 
the BCD-to-seven segment decoder. Also, the 74139 decoder's 1 output is activated, thus, 
enabling the B-digit display. The B-digit is now ON and the A-digit is OFF. The cycle 
repeats at the frequency of the data select square wave. The frequency must be high enough 
to prevent visual flicker as the digit displays are multiplexed. 


7.24 DEMULTIPLEXERS (DATA DISTRIBUTORS) 


A multiplexer takes several inputs and transmits one of them to the output. A demultiplexer 
performs the reverse operation; it takes a single input and distributes it over several outputs. 
So, a demultiplexer can be thought of as a ‘distributor’, since it transmits the same data 
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ereas a multiplexer is an N-to-1 device, a demultiplexer 
68 shows the functional diagram for a demultiplexer 
nd outputs can represent one or more lines. The 
line to which the input data will be transmitted. 
d selectively distributes it 


to different destinations. Thus, wh 
is a 1-to-N (or 2") device. Figure 7. 
(DEMUX). The large arrows for inputs al 
"select input code determines the output line 
In other words, the demultiplexer takes one input data source an 
to 1-of-N output channels just like a multi-position switch. 


Fig. 7.68 General demultiplexer. 


1-Line to 4-Line Demultiplexer 


Figure 7.69 shows a 1-line to 4-line demultiplexer circuit. The input data line goes to all of 
the AND gates. The two select lines Sọ and S, enable only one gate at a time, and the data 
appearing on the input line will pass through the selected gate to the associated output line. 


Data input 


Select inputs Sọ S, 
Fig. 7.69. Logic diagram of a 1-line to 4-line demultiplexer. 


1-Line to 8-Line Demultiplexer 


Figure 7.70a shows the logic diagram for a demultiplexer that distributes one input line 
to eight output lines. The single data input line D is connected to all eight AND gates, 
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S, Sı So 0,0, 0, 0, 0,0; O, Op 
000 00000000 
001 00000000 
010 00000000 
011 000000020 
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(a) Logic diagram (b) Truth table 
Fig. 7.70 1-line to 8-line demultiplexer. 


but only one of these gates will be enabled by the select input lines. For example, with 
S,S,S, = 000, only the AND gate O, will be enabled, and the data input D will appear 
at output Oo. Other select codes cause input D to reach the other outputs. The truth table 
in Figure 7.70b summarizes the operation. 

: The demultiplexer circuit of Fig. 7.70a is very similar to the 3-line to 8-line decoder 
circuit of Fig. 7.42a, except that a fourth input D has been added to each gate. The inputs 
ABC of Fig. 7.42a are here labelled S,S,S) and become the data select inputs. 

In the 3-to-8 IC decoder, there are three input lines and eight output lines. The enable 


input E is used to enable or disable the decoding process. This 3-to-8 decoder can be 
used as a 1-to-8 demultiplexer as follows. 


The enable input E is used as the data input D, and the binary code inputs id i wed 
as the Select inputs. Depending on the select inputs, the data input will be pr 
particular output. For this reason, the IC manufacturers often call this type of device a 
decoder/demultiplexer. 

The 74LS138 decoder can be used as a demultiplexer by using E, as the data input D, 
holding the other two enable inputs in their active states and using the A,A,Ay inputs as the 
Select code as shown in Fig. 7.71a. 

Figure 7.71b shows the typical waveforms for the case when Abbo = AN Rod 
Selects the output O,. For this case, the data signal applied to E, will be igiene 
and all other outputs will remain in their inactive HIGH states. : 

Demultiplexers are used as clock demultiplexers in synchronous data transmission 
Systems in the receivers, and in security monitoring systems, ete. 
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A2 74LS138 
A, Decoder/DEMUX 


A 


O, 0, 0, 0, 9, 0, 0, O, 


(a) Demultiplexer (b) Waveforms for A.A, Ao = 100 


Fig. 7.74 Use of decoder as a demultiplexer. 


EXAMPLE 7.11 Implement the following multiple output combinational logic circuit using 


a 4-line to 16-line decoder. 


F, = E m(l, 2, 4, 7, 8, 11, 12, 13) 
F, = E mQ, 3, 9, 11) 

F,- E m(10, 12, 13, 14) 

F, = E m(2, 4, 8) 


Solution 


The realization is shown in Fig. 7.72. The decoder's outputs are active LOW; therefore, a 
NAND gate is required for every output of the combinational circuit. In combinational logic 


y | F. 
01234567 8 9 101112131415 | F, 


13119. 7 3,4 
Fig. 7.72 Logic diagram (Example 7.11). 
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design using a multiplexer, additional gates are & 

= 2 "p not required. i ; 
demultiplexer requires additional gates. However, rd vit this prit x k 
is more economical in cases where non-trivial, multiple-output expressions i s ae 
variables are required. In such cases, one multiplexer is required for each viata eek 


it is likely that only one decoder supported with a fe 
e : 
using a decoder could have advantages over using m. MiNccu der ncs 


7.25 ANSI/IEEE SYMBOLS 
Adders 


The qualifying symbol for an adder is the Greek letter si i 

j sigma, =. Fi 7. 

logic symbol for the 74AS283 4-bit adder. Binary grouping s ciini iw 
possible combinations of the 4-bit inputs, P and Q, produce all combinations of the output 
sum X. The input labelled CI is carry-in and the output labelled CO is carry-out : 


74AS283 74HC8S 
(a) 4-bit adder (b) 4-bit comparator 


Fig. 7.73 ANSI/IEEE logic symbols. 
Comparators 


Nor symbol for a comparator is COMP. Figure 7.73b shows the logic symbol for 
E fy 4HC85 4-bit comparator. The comparator outputs are indicated by P < Q, P = Q, and 
Q. The logic inputs labelled <, =, and > are used for cascading. 


Decoders, Encoders, and Code Converters 
Ts ai symbol for a decoder, encoder, or code converter is X/Y, where X represents 
REL. code and Y represents the output code. The letters X and Y can be used in the 
nd 2 one of them can be replaced by characters that identify the codes they represent 
$ dente IN, DEC, etc. The ANSI/IEEE standards permit input and output lines to be 
Kan ied in several different ways. If the input code is binary, the lines can be identified 
Y the weights of the bit positions they represent, i.e. 1, 2, 4, etc. Alternatively, the binary 
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grouping symbol} can be used. In cases where the input or the output code is apparent 
from the way in which the lines are identified, the letters X and Y in the qualifying symbol 
need not be replaced by characters representing the code. The output lines can be numbered 
consecutively inside the outline and identified outside the outline by characters that refer to 


a function table defining the code. 
8 dependency indicates 


that the inputs are 
latched by GL 


BCD/DEC 


ooofrv 


ODINMDNHEWN=O 


T4HC42 74HC237 


(a) BCD to decimal decoder (b) 3-to-8 decoder 


Fig. 7.74 ANSI/IEEE logic symbols for 74HC42 and 74HC237. 


Figure 7.74 shows examples of the logic symbols for two IC decoders, the 74HC42 
BCD-to-Decimal decoder and the 74HC237 3-to-8 decoder. Note that, the BCD/DEC 
decoder has active-LOW outputs. The 3-to-8 decoder has latched inputs as evident from 
the C8 dependency (8D). The EN dependency in this example means that all outputs are 
inactive (LOW) when G, is LOW or G, is HIGH. Note that, EN = G,G, and the 3-state 
symbol does not appear at the output lines. 


Multiplexers 


The qualifying symbol for a multiplexer is MUX. Figure 7.75 shows the logic symbol for 
the 748251 8-to-l multiplexer with 3-state output and bus driving capability. The right 
pointing triangle in the qualifying symbol signifies the bus driving capability. The output and 
its complement have the 3-state symbols and are enabled by the input G. The binary 
grouping symbol shows that the output depends on the eight possible binary combinations 
of the data-select inputs, A, B, and C. 


Demultiplexers 


The qualifying symbol for a demultiplexer is DMUX. Figure 7.76 shows the 74HC38 1-to-8 
demultiplexer. The data input in this case is G1- G2A - G2B. So, a single active-HIGH input 


(G1) can be used by connecting G2A and G2B both LOW, or active-LOW inputs can be 
used with Gl connected HIGH. A demultiplexer can be regarded as a decoder. Figure 7.76b 
shows an equivalent logic symbol for the 74HC38 when its function is interpreted as à 
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NOORWN=O0 


745251 
Fig. 7.75 ANSI/IEEE logic symbol for 74S251 8-to-1 multiplexer with 3-state output. 


74HC38 74HC38 
(b) Alternate symbol when used as a 
(a) ANSI/IEEE logic symbol binary-to-octal (3-to-8) decoder 


Fig. 7.76 74HC38 1-to-8 demultiplexer. 


3-to-8 (BIN/OCT) decoder. In this interpretation, the inputs G1, G2A, and G2B create an 
enable (EN) dependency rather than serving as data inputs. Any combination that makes 


Gl: G2A - G2B = 0 


causes all outputs to be inactive (LOW). 


SUMMARY 


* 


A half-adder is an arithmetic circuit that adds two binary digits. — 
* A half-subtractor is an arithmetic circuit that subtracts one binary is 
* A full-adder is an arithmetic circuit that adds two binary digits and a carry, i.e. 3 bits. 
A full-subtractor is an arithmetic circuit that subtracts one binary digit from another 
considering a borrow. 


igit from another. 
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A parallel adder adds two numbers in parallel form and produces the sum bits in 
parallel form. 

A ripple carry adder is a parallel 
carry-in to the next most significant adder. 

The look-ahead carry adder speeds up the process by elimin 
arallel adders, because they require one clock pulse for 


adder in which the carry-out of each full-adder is the 


ating the ripple carry. 


Serial adders are slower than p 
each pair of bits added. 

Serial adders are used where circuit minimization is more important than speed, as in 
pocket calculators. 

A comparator is a logic circuit that compares the magnitudes of two binary numbers. 
Code converters are logic circuits whose inputs are bit patterns representing numbers 
or characters in one code and whose outputs are the corresponding representations in 
a different code. 

A decoder is a logic circuit that converts an n-input binary code into a corresponding 
single numeric output code. 

Enable inputs are used to control the operation of the decoder. 

LED displays are of two types—common anode type and common cathode type. 
Incandescent displays are used in cash registers and other line-operated devices, where 
power consumption is not critical. 

An LCD does not emit light energy. So, it cannot be seen in the dark like an LED. 
LCDs consume much less power than LED displays do, and are, therefore, widely 
used in battery-powered devices such as calculators and watches. 

In LCDs, the frequency of the ac signal should not be less than 25 Hz, because this 
would produce visible flicker. 

An encoder is a device whose inputs are decimal digits and/or alphabetic characters 
and whose outputs are the coded representations of those inputs. 

A priority encoder is a logic circuit that responds to just one input, in accordance with 
some priority system, among those that may be simultaneously HIGH. 

A multiplexer is a logic circuit that accepts several data inputs and allows only one of 
them at a time to get through to the output. 

Multiplexers are used for data selection, data routing, operation sequencing, parallel- 
to-serial conversion, waveform generation, and logic function generation, etc. 
DEMUX is a logic circuit that, depending on the status of its select inputs, channels 
its data input to one of several data outputs. 


The term ‘driver’ is a technical term, sometimes added to an IC’s description to 
indicate that its outputs can operate with higher current and/or voltage limits than 
those of a normal standard IC. 


w 
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QUESTIONS 


Describe the operations performed by the following arithmetic circuits: 
(a) Half-adder (b) Full-adder (c) Half-subtractor 

(d) Full-subtractor 
Briefly describe the following: 


(a) Parallel adder (b) Serial adder 
(d) Look-ahead carry adder. 


(c) Ripple carry adder 


How does the look-ahead carry adder speed up the addition process? 

When is a carry generated and when is a carry propagated? 

What is the disadvantage of serial adders? For which applications are they preferred? 
How do you compare serial and parallel adders? 

What do you mean by cascading of parallel adders? Why is it required? 

What is a parity bit generator? 

What is (a) an odd parity generator, and (b) an even parity generator? 

What is a code converter? List some of the code converters. 

What is the use of the enable input in a decoder? 

Describe the operations performed by the following logic circuits: 

(a) Comparator (b) Decoder (c) Encoder 

What does the term ‘driver’ mean in a decoder/driver? 

What is the number of inputs and outputs of a decoder that accepts 64 different input 
combinaions? 

Why are CMOS devices preferred over TTL devices for driving LCDs? 

What are the two types of LED displays? 

What is the drawback of incandescent seven segment displays? Where are they used? 
Which LED segments will be ON for a decoder/driver input of 1001? 

What type of displays are used in calculators and watches? 

How does a priority encoder differ from an ordinary encoder? 

How is ac voltage produced in LCDs? Why does an LCD require an external source 
of light? What is the minimum frequency required in LCDs and why? 

Explain the terms: (a) multiplexing, and (b) demultiplexing. 

What is a keyboard encoder? 

List some of the applications of multiplexers and demultiplexers. 

Which of the following statements refer to LCD displays and which to LED displays? 
(a) Emit light 

(b) Reflect ambient light 

(c) Are best for low power applications 
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(d) Require an ac voltage 
(e) Require current limiting resistors 
Explain the difference between a MUX and a DEMUX. 


Which of the following statements refer to à decoder and which to an encoder? 


wow 
RI 


(a) Has more inputs than outputs. 

(b) Is used to convert key actuations to à binary code. 

(c) Only one output can be activated at one time. 

(d) Can be used to interface a BCD input to an LED display. 


29. Which of the following statements refer to a decoder, an encoder, a MUX, or a 


DEMUX? 

(a) Has more inputs than outputs. 

(b) Uses SELECT inputs. 

(c) Can be used in parallel-to-serial conversion. 


(d) Produces a binary code at its output. 
(e) Only one of its outputs can be active at one time. 
(f) Can be used to route an input signal to one of several possible outputs. 


(g) Can be used to generate arbitrary logic functions. 


30. Indicate true or false: 
(a) When a MUX is used to implement a logic function, the logic variables are applied 


to the MUX's de'a inputs. 
(b) The circuit for a DEMUX is basically the same as that for a decoder. 


PROBLEMS 


7.1 Design an 8421-to-2421 BCD code converter and draw its logic diagram. 

7.2 Find the simplest possible logic expressions for a 2421-to-511 11 BCD code converter. 

1.3 Draw a logic diagram for an Excess-3-to-decimal decoder, Inputs and outputs should 
be active HIGH. 

7.4 Draw a logic diagram for a 2421-to-decimal decoder. 

1.5 Draw a logic circuit that generates an even parity bit for the 2421 BCD code. 

7.6 Draw a logic circuit that generates an odd parity bit for the 3321 BCD code. 

7.7 Design the following code converters: (a) 5211 to 2421 (b) 4-bit binary to excess-3 
(c) 4-bit BCD to gray. 

7.8 Design a logic circuit to generate (i) an even parity bit, and (ii) an odd parity b 
a 3-bit binary input. 


it for 
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Chapter 8 


FLIP-FLOPS AND TIMING CIRCUITS 


8.1 INTRODUCTION 


Basically, switching circuits may be combinational switching circuits or sequential switching 
circuits. The switching circuits considered so far have been combinational switching circuits. 
Combinational switching circuits are those whose output levels at any instant of time are 
dependent only on the levels present at the inputs at that time. Any prior input level conditions 
have no effect on the present outputs, because combinational logic circuits have no memory. 
On the other hand, sequential switching circuits are those whose output levels at any instant 
of time are dependent not only on the levels present at the inputs at that time, but also on the 
prior input level conditions. It means that sequential switching circuits have memory. 
Sequential circuits are thus made of combinational circuits and memory elements. 

The most important memory element is the flip-flop, which is made up of an assembly 
of logic gates. Even though a logic gate by itself has no storage capability, several logic 
gates can be connected together in ways that permit information to be stored. There are 
several different gate arrangements that are used to construct flip-flops in a wide variety 
of ways. Each type of flip-flop has special features or characteristics necessary for 
particular applications. 

A flip-flop (FF), known more formally as a bistable multivibrator, has two stable states. It 
can remain in either of the states indefinitely. Its state can be changed by applying the proper 
triggering signal. 

Figure 8.1 shows the general type of symbol used for a flip-flop. The flip-flop has two 
outputs, labelled Q and @. Actually any letter can be used to represent the output, but Q is 


the one most often used. The Q output is the normal output of the flip-flop and Q is the 


(Normal output) 


(Inverted output) 


DAM i ra 


p | Fig. BA General tip-top symbol lim. D lue) 
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ut. The state of the flip-flop always refers to the state of the normal output 
posite state. A flip-flop is said to be in HIGH state 
= 1, and in LOW state or logic 0 state or RESET 


inverted outp 
Q. The inverted output Q is in the op 
or logic 1 state or SET state when Q 
state or CLEAR state when Q = 0. 

As the symbol in Fig. 8.1 implies, 
are used to cause the flip-flop to switch bac 
output states. A flip-flop input has to be pulse 
output, and the output will remain in that new state 
removed. This is the flip-flop's memory characteristic. 

There are a number of applications of flip-flops. As such, the flip-flop serves as a storage 
device. It stores a 1 when its Q output is a 1, and stores a 0 when its Q output is a 0. Flip-flops 
are the fundamental components of shift registers and counters. 

The term ‘latch’ is used for certain flip-flops. It refers to non-clocked flip-flops, because 
these flip-flops ‘latch on’ to a 1 or a 0 immediately upon receiving the input pulse called SET 
or RESET. Gated latches are latches which respond to the inputs and latch on to a 1 or a 0 only 
when they are enabled, i.c. only when the input ENABLE or gating signal is HIGH. In the 
absence of ENABLE or gating signal, the latch does not respond to the changes in its inputs. 

A latch may be an active-HIGH input latch or an active-LOW input latch. Active-HIGH 
means that the SET and RESET inputs are normally resting in the LOW state and one of 
them will be pulsed HIGH whenever we want to change the latch outputs. Active-LOW 
means that the SET and RESET inputs are normally resting in the HIGH state and one of 
them will be pulsed LOW whenever we want to change the latch outputs. 


a flip-flop can have one or more inputs. These inputs 
k and forth (i.e. ‘flip-flop’) between its possible 
d momentarily to cause a change in the flip-flop 
even after the input pulse has been 


8.2 THE S-R LATCH 


The simplest type of flip-flop is called an S-R latch. It has two outputs labelled Q and Q 
and two inputs labelled S and R. The state of the latch corresponds to the level of Q (HIGH 
or LOW, 1 or 0) and Q is, of course, the complement of that state. The output as well 


as its complement are available for each flip-flop. 
Figure 8.2 shows the logic symbol and truth table of an S-R latch. Qo represents the 
state of the flip-flop before applying the inputs. The name of the latch, S-R or SET-RESET, 


inputs Output Comments 


Si TR: —Q 
Ma No change 

" o 

Inputs. outputs 0 1 5 RESET 
TOTO SET 
1 1 ? Not allowed 
eee 
(b) Truth table 


Logic symbol 
Fig. 8.2 Active-HIGH S-R latch. 


is derived from the names of its inputs. When the SET input is made HIGH, Q becomes 


1 (and Q equals 0). When the RESET input is made HIGH, Q becomes 0 (and Q equals 
1.) If both the inputs S and R are made LOW, there is no change in the state of the latch. 
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1 es 
HR S e et, remains in the same state in which it was, prior to the application 
pie : mox the inputs are made HIGH, the output is unpredictable, i.c. both Q and 
a aea sal by, may be LOW or any one of them may be HIGH and the other 
Et bree A is ^ Ka as not-allowed, unpredictable, invalid, or indeterminate. 
dent UMS d R-S latch or S-C (SET-CLEAR) latch. Resetting is also called 
d We e AR out the 1 in the output by resetting to 0. In more complex flip- 

ps, calle gated latches, the change of state docs not take place immediately after the 
application of the inputs. The change of state takes place only after applying a gate pulse. 


The NOR Gate S-R Latch 


An S-R latch can be constructed using two cross-coupled NOR gates or NAND gates. 
Using two NOR gates, an active-HIGH S-R latch can be constructed and using two NAND 
gates an active-LOW S-R latch can be constructed. Figure 8.3 shows the logic diagram of 
an active-HIGH S-R latch composed of two cross-coupled NOR gates. Note that the output 
of each gate is connected to one of the inputs of the other gate. 


E 
Fig. 8.3 Logic diagram of an active-HIGH S-R latch using NOR gates. 


Let us assume that the latch is initially SET, i.e. Q = 1 and Q = 0. If the inputs are S = 
0 and R = 0, the inputs to Gy are a 0 (R) and a 0 (Q) and so its output is a 1, ie: Q:remains 
as a 1. The inputs to G are a 0 (S) and a 1 (Q) and so its output is a 0, ic. Q remains 
as a 0. That is, S = 0 and R = 0 do not result in a change of state. Similarly, if Q = 0 and 
Q = 1 initially, and if S = 0 and R = 0 are the inputs applied, the inputs to G, are a 0 (Q) 
and a 0 (S) and so its output is a l, ic. Q remains as a 1. The inputs to G, are a 0 (R) 
and a 1 (Q) and so its output is a 0, i.e. Q remains as a 0. This implies that the latch remains 
in the same state, when S = 0, R = 0 is applied. 

If Q = 1 and Q = 0 initially, and if inputs S = 1 and R = 0 are applied, the inputs to 
G, are a 1 (S) and a 1 (Q), and so its output is a 0, ie. Q remains as a 0. The inputs to 
G, are a 0 (R) and a 0 (Q), and so its output is a 1, ie. Q remains asa 1. If Q = 0 and 
Q = 1 initially and if inputs S = 1 and R = 0 are applied, the inputs to G, are a 1 (S) and a 
0 (Q), and so its output is a 0, i.e. Q goes to a 0. The inputs to G, are a 0 (R) and a 0 (Q), 
and so its output is a 1, i.e. e goes to a l. This implies that irrespective of the Sd 
state, the output of the S-R latch goes to SET state, i.e. state 1 icati 
input, S = 1 and R = 0. rud Mais aile 

If Q = Land Q = 0 initially, and if inputs S = 0 and R = 1 are i i 
to G, are a 1 (R) and a 0 (Q), and so its output is a 0, i.c. Q goes MP Re Se 
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nd a 0 (Q), and so its output is a l, i.e. Q goes eo aly 8 s 
Q :nitially, and if inputs S = 0 and R = 1 are applied, the inputs to G; depuis 
LE vp Y = output of G, is a 0, ie. Q remains as à 0. The inputs to pik A 
HEU pope output of G; isa l, ie. Q remains as qi. This implies t i 
G = ME TS sherk state, when S = 0, R = 1 are applied, the flip-flop goes 
whatever ma) s S 


RESET state, i.e. state 0. 
When both the inputs S and R are a l, 


= 0, which is ziv only to pulse à SET or RESET input to change the state of the latch. 
It is thus necessary 


is initi e applied to its SET is the same as making 
deba e m A ie E inii after which R and S are once again 
Gn dition Since a pulse must remain HIGH long enough for NOR Bu 
cic ieu ae cial pulse width is the sum of the propagation delays we 
ü iic quet icm change from LOW to HIGH and the other from HIGH to 5 
the gates. s g 


Thus, 


to G, are a 0 (S) a 


the corresponding outputs will be Q = 0 and Q 


PW min = fpa * feul 
i i fppy and 
i ini i e d for proper operation of the gate, PLH 
where PW min is the minimum pulse width require p! eee ips Ee EE 
tj, are the propagation delays associated with the gates w he outpu ging from 
‘PHL 


j d HIGH to LOW, respectively. i 
ne rx ean shown in Fig. 8.4 illustrates how the active-HIGH S-R latch responds 


£ E ‘< SET. 
to arbitrarily selected waveforms at its S and R inputs. Assume that initially the latch is SET, 
Wu J 


Fig.8.4. Active-HIGH S-R latch—timing diagram. 


o| 


ie. Q = | and Q = 0. The latch remains in that state till the RESET pulse arrives: At the 
positive going edge of the RESET pulse the latch resets, i.e. Q becomes a 0 and Q becomes 
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a l. The latch remains in that state (i.e. Q = 0 and Q = 1) till the SET pulse arrives. At the 
positive going edge of the SET pulse, Q becomes a 1 and Q a 0. The latch remains in that 
state till the next RESET pulse arrives. Observe that when the latch is already in SET state, 
the arrival of a SET pulse does not affect the state of the latch and similarly, when the latch 
AE ^ RESET state, the arrival of a RESET pulse does not have any effect on the state 
of the latch. 


The analysis of the operation of the active-HIGH NOR latch can be summarized as 
follows. 
1. SET = 0, RESET = 0: This is the normal resting state of the NOR latch and it has 


no effect on the output state. Q and Q will remain in whatever state they were prior 
to the occurrence of this input condition. 


2. SET = 1, RESET = 0: This will always set Q = 1, where it will remain even after 
SET returns to 0. 
3. SET = 0, RESET = I: This will always reset Q = 0, where it will remain even after 


RESET returns to 0. 
4. SET = 1, RESET = I: This condition tries to SET and RESET the latch at the same 


time, and it produces Q = Q = 0. If the inputs are returned to zero simultaneously, 
the resulting output state is unpredictable. This input condition should not be used. 


The SET and RESET inputs are normally in the LOW state and one of them will be 
pulsed HIGH, whenever we want to change the latch outputs. 
The NAND Gate S-R Latch 


An active-LOW S-R latch can be constructed using two cross-coupled NAND gates. 
Figures 8.5a and b show the logic diagram and truth table of an active-LOW S-R latch. 
Since the NAND gate is equivalent to an active-LOW OR gate, an active-LOW S-R latch 
using OR gates may also be represented as shown in Fig. 8.5c. 


B; a Inputs Output Comments E a 
Cm ME 
? Invalid 
1 
0 


S R 
0 0 
get 
30. 
m 


E 


SET 
en. RESET 
E 6.) o a Q, No change s 8 
(a) Using NAND gates (b) Truth table (c) Using OR gates 


Fig. 8.5 Logic diagram of an active-LOW S-R latch. 


Suppose initially, Q = 1 and Q = 0. If inputs are S = 0 and R = 0, G, inputs are a 
0 (S) and a 0 (Q). So, its output Q = 1. Gz inputs are a 0 (R) and a 1 (Q) and so its output 
Q = 1. Now, suppose Q = 0 and Q = 1; then if inputs are S = 0 and R = 0, G, inputs 
are a 0 (S) and a 1 (Q). So, its output Q = 1. G, inputs are a 0 (R) and a 1 (Q) and so 
its output Q = 1. That is, whatever may be the initial state, when the inputs are S = 0 and 
R = 0, both Q and Q will be equal tol, — Aika 13 .pi3 
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imi hat, when 
Similarly, we can show that, , L | 
S = 1 and R = 0, whatever may be the initial state, Q will go to 0 and Q to | 
a) S = , 
; That is, the FF resets. 
(b $70 and R = 1, whatever may be the i 


That is, the FF sets. 


nitial state, Q will go to 1 and Q to 0. 


= 1, no change of state takes place, i.e., the output (Q or Q) remains 


=landR 
as before. 


he same as it was ; s 
E f this latch is the reverse of the NOR gate latch discussed earlier. That 
OW S-R latch. If the Os are replaced by Is and Is by pe 
i the same truth table as that of the NOR gate latch shown in Fig. 8. m 
bs pier RESET inputs are normally resting in the HIGH state and one of them wi 
e 


s e want to change the latch outputs. — 
"à A EON RAND AME can be converted into an active-HIGH NAND latch by 
acuve- 


inserting the inverters at the S and R inputs. Figure 8.6 shows the logic diagram and truth 
ins 
table of an active-HIGH NAND latch. 


The operation O à 
is why it is called an active-L 


s 


s 
Inputs Outputs Comments 


em 2:39 Invalid 
R ties) D D D 
(a) Logic Diagram (b) Truth table 
Fig.8.6 An active-HIGH NAND latch. 


The waveforms shown in Fig. 8.7 illustrate the working of an active-LOW S-R latch. 


| 


>, 
t 


Fig. 8.7 Active-LOW S-R latch—timing diagram. 
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Initially, Q = 0 and S and R are in normal resting states, i.e. S = 1 and R = 1. Since 
Q is already in a 0 state, a negative pulse applied at R at time t, cannot produce any effect 
and Q remains as 0. But a negative pulse applied to S at time 1; brings Q to a 1 state. Since 
Q is already equal to 1, a negative pulse applied to S at time t, cannot produce any effect 
and Q remains at a 1. The negative pulse applied to R at time 1,, however, changes the state 
of the latch and Q becomes a 0. 

This example shows that the latch output ‘remembers’ the last input that was activated 
and will not change states until the opposite input is activated. 

When power is applied to a circuit, it is not possible to predict the starting state of a 
flip-flop output, whether its SET and RESET inputs are in their inactive states (i.e. S = R 
= I for a NAND latch, and S = R = 0 for a NOR latch). There is just as much chance 
that the starting state will be a Q = 0 as Q = 1. It will depend on things like internal 
propagation delays, parasitic capacitance and external loading. 


8.5 GATED LATCHES 
The Gated S-R Latch 


In the latches described earlier, the output can change state any time the input conditions are 
changed. So, they are called asynchronous latches. A gated S-R latch requires an ENABLE 
(EN) input. Its S and R inputs will control the state of the flip-flop only when the ENABLE 
is HIGH. When the ENABLE is LOW, the inputs become ineffective and no change of state 
can take place. The ENABLE input may be a clock. So, a gated S-R latch is also called 
clocked S-R latch or synchronous S-R latch. Since this type of flip-flop responds to the 
changes in inputs only as long as the clock is HIGH, these types of flip-flops are also 
called level triggered flip-flops. The logic diagram, the logic symbol and the truth table 
for a gated S-R latch are shown in Fig. 8.8. In this circuit, the invalid state occurs when 
both S and R are simultaneously HIGH. 


s 
9 Inputs Enable (EN) Output 
Sr à 
0 0 HIGH Q 
" 0 1 HIGH 0 
a 1.0 HIGH 4 
^ host HIGH Invalid 
ae iere (b), Logic symbol (c) Truth table 


Fig. 8.8 A gated S-R latch. 


EXAMPLE 8.1 Determine the output waveform Q if the inputs shown in Fig. 8.9a are 
applied to a gated S-R latch shown in Fig. 8.9b, that was initially SET. 


Solution 


The output waveform Q shown in Fig. 8.9c is drawn as follows: 

Prior to fọ, Q is HIGH. Even though R goes HIGH prior to f, Q will not change because 
EN is LOW. Similarly, even though S goes HIGH prior to ^, Q will not change because EN 
is LOW. Any time S is HIGH and R is LOW, a HIGH on the EN sets the latch, and any time 
S is LOW and R is HIGH, a HIGH on the EN resets the latch. 


ae a 
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(b) Logic symbol 


geet ; di: e 
a 3 
(c) Output waveform 
- m t 


Fig. 8.9 Waveforms—the gated S-R latch (Example 8.1). 


The Gated D-latch 


In many applications, it is not necessary to have separate S and R inputs to a latch. If the 
input combinations S = R = 0 and S = R = | are never needed, the S and R are always 
the complement of each other. So, we can construct a latch with a single input (S) and 
obtain the R input by inverting it. This single input is labelled D (for data) and the device 
is called a D-latch. So, another type of gated latch is the gated D-latch. It differs from the 
S-R latch in that, it has only one input in addition to EN. When D = 1, we have S = 1 and 
R = 0, causing the latch to SET when ENABLED. When D = 0, we have S = 0 and R= 
1, causing the latch to RESET when ENABLED. When EN is LOW, the latch is ineffective, 


and any change in the value of D input does not affect the output at all. When EN is HIGH, 
a LOW D input makes Q LOW, i.e. resets the flip-flop and a HIGH D input makes Q HIGH, 
ie. sets the flip-flop. In other words, we can say that the output Q follows the D input 


when EN is HIGH. So, this latch is said to be transparent. The logic diagram, the logic 
symbol and the truth table of a gated D-latch are shown in Fig. 8.10. 
D 
Q 

— D px 

= Input Enable Q 
| _ EN D Ee 
" Q 0 HIGH 0. 

1 HIGH 1 

(a) Logic diagram (b) Logic symbol (c) Truth table 


Fig. 8.10 A gated D-latch. " 
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EXAMPLE 8.2 i 
Seas Beis the Q output waveform if the inputs shown in Fig. 8.1 1a are 
g -latch shown in Fig. 8.11b, which is initially RESET. he 


Solution 


The Q output waveform is sh in Fi i 
bius own in Fig. &1lIc. The D input controls the Q output only 


(a) Input waveforms. 


Q H 
(c) Ouput waveform : (b) Logic symbol 


Fig.8.11 Waveforms—the gated D-latch (Example 8.2). 


8.4 EDGE-TRIGGERED FLIP-FLOPS 


Digital systems can operate either synchronously or asynchronously. In asynchronous 
systems, the outputs of logic circuits can change state any time, when one or more of the 
inputs change. An asynchronous system is difficult to design and troubleshoot. In 
synchronous systems, the exact times at which any output can change states are determined 
by a signal commonly called the clock. The flip-flops using the clock signal are called the 
clocked flip-flops. Control signals are effective only if they are applied in synchronization 
with the clock signal. The clock signal is distributed to all parts of the system and most 
of the system outputs can change state only when the clock makes a transition. Clocked 
flip-flops may be positive edge-triggered or negative edge-triggered. Positive edge-triggered 
flip-flops are those in which ‘state transitions’ take place only at the positive-going (0 to 
1, or LOW to HIGH) edge of the clock pulse and negative edge-triggered flip-flops a 
those in which ‘state transitions’ take place only at the negative-going (1 to 0, or HIGH 
to LOW) edge of the clock signal. Positive-edge triggering is indicated by a ‘triangle’ at th 
clock terminal of the flip-flop. Negative-edge triggering is indicated by a ‘triangle’ with 3 
bubble at the clock terminal of the flip-flop. Thus edge-triggered flip-flops are sensitiv 3 
their inputs only at the transition of the clock. There are three basic types of edge-tri i 
flip-flops: S-R, J-K, and D (Fig. 8.12). Of these, D and J-K flip-flops are the eee 
used ones and readily available in the IC form than is the S-R type. But the S-R hip. B 
is also covered here because it is a good base upon which to build both the D ud a 
J-K flip-flops, having been derived from the S-R flip-flop. the 
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ol 


DFF 
(a) Logic symbols of positive edge-triggered FFs 


S-R FF DFF 
(b) Logic symbols of negative edge-triggered FFs 


Fig. 8.12 Edge-triggered flip-flops. 


The edge-triggering is also called dynamic triggering. 


Generation of Narrow Spikes 


erated at the rising edge of the clock using an inverter and 
he inverter produces a delay of a few 
tput spike that is HIGH only for a few 


This results in a narrow pulse at the 
-going transition of the clock signal. 


A narrow positive spike is gen 
an AND gate as shown in Fig. 8.13a. T 
nanoseconds. The AND gate produces an ou 


nanoseconds, when CLK and CLK are both HIGH. 
output of the AND gate which occurs at the positive 


EI. P9 orP d EUN O/P 
ex 1 | čik L E sT nai 


OP EU O/P EE 


(a) Generation of a narrow spike at positive-going (b) Generation of a narrow spike at negative-going 
transition of the clock pulse transition of the clock pulse 


Fig. 8.13 Generation of narrow spikes using edge detector. 


Similarly, a narrow positive spike is generated at the falling edge of the clock by using 
an inverter and an active-LOW AND gate as shown in Fig. 8.13b. The inverter produces 
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a delay of i 
y of a few nanoseconds. The active-LOW AND gate produces an output spike that 


is H 
is HIGH only for a few nanoseconds, when CLK and CLK are both LOW. This results 


in a narrow pulse at the output . 
transition of tne loci put of the AND gate which occurs at the negative-going 


The Edge-triggered S-R Flip-flop 


A. n Ws logic symbol and the truth table for a positive edge-triggered 
p-flop. The S and R inputs of the S-R flip-flop are called the synchronous 


chee To NN 
S R Q 
9 0 ^ Q, No change 
H Orisii s. 49.0, RESET 
1.0 ^ 1 SET 
| ^ ? Invalid 
(a) Logic symbol (b) Truth table 


Fig.8.14 Positive edge-triggered S-R flip-flop. 


control inputs because data on these inputs affect the flip-flop's output only on the 
triggering (positive going) edge of the clock pulse. Without a clock pulse, the S and 
R inputs cannot affect the output. When S is HIGH and R is LOW, the Q output goes 
HIGH on the positive-going edge of the clock pulse and the flip-flop is SET. (If it is 
already in SET state, it remains SET.) When S is LOW and R is HIGH, the Q output 
goes LOW on the positive-going edge of the clock pulse and the flip-flop is RESET, 
i.e. cleared. (If it is already in RESET state, it remains RESET.) When both S and R 
are LOW, the output does not change from its prior state. (If it is in SET state, it 
remains SET and if it is in RESET state, it remains RESET.) When both S and 
R are HIGH simultaneously, an invalid condition exists. The basic operation 
described above is illustrated in Fig. 8.14b. 

Figure 8.15 shows the logic symbol and the truth table of a negative edge-triggered 
S-R flip-flop. This flip-flop will trigger only when the clock input goes from 1 to 0. 


Inputs Clock Output Comments 


—— 


S R Q 
0 0 v Q, No change 
e v 0 RESET 
blitz. Y^ 1 0 + 1 SET 
Q siejo v ? Invalid 
(b) Truth tabie 


(a) Logic symbol 
Fig. 8.15 Negative edge-triggered S-R flip-flop. 


^ —X ^" 
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veforms shown in Fig. 8.16a are applied to the positive edge- 


Y 8.3 The wa 
ae own in Fig. 8.16b. Sketch the output waveforms. 


triggered S-R flip-flop sh 


^ 
CLK 4 
a 
^ 
E 
(a) Input waveforms C—— —rF— 
^ : c S 
R Ce 
R ae 
(b) Logic symbol 


(c) Output waveforms |_;—— - 
A 


Fig. 8.16 Waveforms—positive edge-triggered S-R flip-flop (Example 8.3). 


Solution 
The output waveform is drawn as shown in Fig. 8.16c after going through the following steps. 


1. Initially, S = 0 and R = 0 and Q is assumed to be HIGH. 
At the positive-going transition of the first clock pulse (i.e. at a), both S and 
R are LOW. So, no change of state takes place. Q remains HIGH and Q remains 
LOW. . 
. At the leading edge of the second clock pulse (i.e. at b), S = 0 and R= 1. So, the 
flip-flop resets. Hence, Q goes LOW and Q goes HIGH. 
. At the positive-going edge of the third clock pulse (i.e. at c), S = 1 and R = 0. 
So, the flip-flop sets. Hence, Q goes HIGH and Q goes LOW. 
. At the rising edge of the fourth clock pulse, S = 1 and R = 0. Since the flip-flop 
is already in a SET state, it remains SET. That is, Q remains HIGH and Q remains 
LOW. 
The fifth pulse resets the flip-flop at its positive-going edge because S = 0 and R = 
1 is the input condition and Q = 1 at that time. 


[^] 


S 


w 


o 


Internal Circuitry of the Edge-triggered S-R Flip-flop 

A detailed analysis of the internal circuitry of a flip-flop is not necessary, since all types are 
readily available as ICs. A simplified description is, however, presented here. Figure 8.17 
shows the simplified circuitry of the edge-triggered S-R flip-flop. 


Fig. 8.17 Simplified circuitry of the edge-triggered S-R flip-flop. 
It contains three sections. 


1. rs basic NAND gate latch formed by NAND gates (active-LOW OR gates) G}, and 
gr 
2. A pulse steering circuit formed by NAND gates G, and G;. 
3. An edge (pulse transition) detector circuit. 
The edge detector generates a positive spike at the positive-going or negative-going edge 
of the clock pulse. The steering gates ‘direct’ or ‘steer’ the narrow spike either to G, or to G, 
depending on the state of the S and R inputs. 
Let us say, initially Q = 0 and Q = 1. If S, R, and CLK are LOW, the outputs of G, and 
G, will be HIGH. Now since Q = 0 and Q = 1, inputs to G, are a 1 and a 1 (Q). So, its output 
isa 0, i.e. Q remains a 0. Inputs to G, will be a 1 and a 0 (Q). So, its output will be a 1, i.e. 
Q remains a 1. So, no change of state takes place. If a clock pulse is applied (keeping S = 0 
and R = 0) when Q is HIGH and Q is LOW, the outputs of G, and G; will be HIGH. So, the 
outputs of G, and G,, ie. Q and Q remain the same. Therefore, no change of state takes place. 
Thus, S = 0, R = 0 is the normal resting state. 
Suppose, now S is made HIGH, and R kept LOW and a clock pulse is applied. Since the 
S input to G, is HIGH and the spike generated is also HIGH, the output of G, goes LOW 
for a very short duration, when the clock goes HIGH, causing the Q output to go HIGH. 
Both inputs to G, are now HIGH (G, output is HIGH because R is LOW) forcing Q to 


go LOW. This LOW on Q is coupled into one input of gate G3, ensuring that the Q will 
remain HIGH. The flip-flop is now in the SET state. , 

Now, suppose S is made LOW and R HIGH and the clock pulse is applied. Since R is now 
HIGH, the positive-going edge of the clock pulse produces a negative spike at the output of G, 


` forcing Q to go HIGH. Since both the inputs to G; are now HIGH, its output Q will be LOW. 


Since Q is coupled to one input of Gy, Q remains HIGH. The flip-flop is now in the RESET state. 
As in the case of the gated S-R latch, S = 1, R = 1 is an invalid state. 
TheEdge-triggered DFlip-flop — — psu 


The edge-triggered D flip-flop has only one input terminal. The D flip-flop may be obtained 
from an S-R flip-flop by just putting one inverter between the S and R terminals (Fig. 8.182). 


i 
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D Q 
Lc D Clock Q Comments 
ki 0 ^ 0 RESET (stores a 0) 
Q 1 a 1 SET (stores a 1) 
Be Lee paa 
(b) Logic symbol (c) Truth table 


(a) D flip-flop from the S-R flip-flop 
Fig. 8.18 The positive edge-triggered D flip-flop. 


Figures 8.18b and c show the logic symbol and the truth table of a positive edge-triggered 
D flip-flop. Note that, this flip-flop has only one synchronous control input in addition to 
the clock. This is called the D (data) input. The operation of the D flip-flop is very simple. 
The output Q will go to the same state that is present on the D input at the positive-going 
transition of the clock pulse. In other words, the level present at D will be stored in the 
flip-flop at the instant the positive-going transition occurs. That is, if D is a 1 and the clock 
is applied, Q goes to a 1 and Q to a 0 at the rising edge of the pulse and thereafter remain 
so. If D is a 0 and the clock is applied, Q goes to a 0 and Q to a | at the rising edge of 
the clock pulse and thereafter remain so. 

The negative edge-triggered D flip-flop operates in the same way as a positive edge- 
triggered D flip-flop except that the change of state takes place at the negative-going edge of 
the clock pulse. Figures 8.19a, b and c show the flip-flop, its logic symbol and the truth 


table, respectively. 


D Clock Q Comments 

0 Y 0 RESET (stores a 0) 

1 Y 1 SET (stores a 1) 
(a) D flip-flop from the S-R flip-flop (b) Logic symbol (c) Truth table 


Fig.8.19 The negative edge-triggered D flip-flop. 


EXAMPLE 8.4 The waveforms shown in Fig. 8.20a are applied to the D flip-flop shown 
in Fig. 8.20b. Draw the output waveform. 


Solution 
The output waveform shown in Fig. 8.21c is drawn as explained below: 


1. Initially Q is assumed to be HIGH, D LOW, and the clock LOW. 

2. At the negative-going edge of the first clock pulse (i.e. at a), D is LOW and, so, 
Q goes LOW. 

3. At the negative transition edge of the second clock pulse (i.e. at b), D is HIGH and, 
so, Q goes HIGH. 

4. At the trailing edge of the third clock pulse (i.e. at c), D is LOW and, so, Q goes 


LOW. 
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5. At the falling edge of. 
ER ge of the fourth clock pulse (i.e. at d), D is HIGH and, so, Q goes 
It is thus seen that the output Q assumes the 


going (negative transition or trailing or fall State of the input D at the time of the negative- 


ing) edge of the clock pulse. 


| 
(a) Input waveform p Q 
CLK: a> C 
a 
(b) Logic symbol 


(c) Output waveform 


Fig. 8.20 Waveforms—D flip-flop (Example 8.4). 


The Edge-triggered J-K Flip-flop 


The J-K flip-flop is very versatile and also the most wi 

st widely used. The J ignati 
for the synchronous control inputs have no known sigfficance, A rue 
R The functioning of the J-K flip-flop is identical to that of the S-R flip-flop, except 
that it has no invalid state like that of the S-R flip-flop. The logic symbol and the truth 
table for a positive edge-triggered J-K flip-flop are shown in Fig. 8.21. 


Inputs Clock Q Comments 
JSIR 
0-0. A Q,  Nochange 
Pes 0 1 ^^ 0 RESET 
1 0 ^ 1 SET 
ti d ^ Q Toggle 
(a) Logic symbol (b) Truth table Stew o pu! 02 
Fig.8.21 Positive edge-triggered J-K flip-flop. 
bereoohi-a moteveW  ££.8 of 
When J = 0 and K = i i 
i K 
E an 0, no change of state takes place even if a clock u Ise is 
-— J = 0 and K = 1, the flip-flop resets at the positive-going edge of the clock 
When J = L indi aun ( eee we 0 e Lwilbtus 
suns 1 and K = 0, the flip-flop sets at the sitive-going edge of the clock 
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goes to the opposite state at the 
Ise. In this mode, the flip-flop toggles or changes 


f the positive-going edge of the clock pulse. 
-triggered J-K flip-flop are shown 


When J = l and K = 1, the flip-flop toggles, i.e. 
positive-going edge of the clock pu 
state for each occurrence o 
The logic symbol and the truth table of a negative edge 


in Fig. 8.22. 


Inputs Clock Q Comments 


ii) ee 
0 O0 "m Q No change 
o Y 0 RESET 
1 "D v 1 SET 
1 v Q Toggle 


(b) Truth table 


(a) Logic symbol 
Fig.8.22 Negative edge-triggered J-K flip-flop. 


EXAMPLE 8.5 The waveforms shown in Fig. 8.232, are applied to the edge-triggered J-K 


flip-flop shown in Fig. 8.23b. Draw the output waveform. 


^ 
Baie awoidi on avail! Dm 


(a) Input waveforms 


K 


K ee RE 

Q i i 

(c) Output waveform i i 
ri p 


t 
Fig. 8.23 Waveforms—edge-triggered J-K flip-flop (Example 8.5). 


(b) Logic symbol 


Solution 
The output waveform shown in Fig. 8.23c is drawn as explained below: 


1. Initially J = 0, K = 0 and CLK = 0. Assume that the initial state of the flip-flop 
is a 1, ie. Q = 1 initially. 
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. At the negative-going ed; 
i ge of the first clock i 
Q remains as a | and, therefore, Q as a aoe og as yanmar cori 
3. At the trailing edge of the ; 
second clock pulse (i.e. EJ 3. 
the flip-flop resets. That is, Q goes to a 0 Pur s idest d 
4. At i i 
a 5 bi edge of the third clock pulse (i.e. at c), both J and K are a 1. So. 
so a op, toggles. That is, Q changes from a 0 to a 1 and Q from a ! ae q 
à negativergoing, transition of the fourth clock pulse (i.e. at d), J = 0 and K : 
1. So, the flip-flop RESETS, i.e. Q goes to a 0 and Q toal j 


Internal Circuitry of the Edge-triggered J-K Flip-flop 

A simplified version of the internal circui 

A sil i cuitry of the edge-triggered J-K fli i 

in Fig. 8.24. It ie the same three sections as those of po I Ard lees ; 
In fact, the only difference between the two circuits is that, the Q and Q outputs are E 


back to the pulse steering NAND i 
l gates, This feed ion i i 
flip-flop its toggle operation for J = K = | ae a e TE 


Fig.8.24 Simplified circuit diagram of the edge-triggered J-K flip-flop. 
The toggling operation may be explained as given below. 


- Suppose Q = 0, Q = 1 and J = K = 1, When a clock pulse is applied, the narrow 
Positive pulse of the edge detector is inverted by gate G,, i.e. G, steers the spike 
inverted (because its other inputs J and Q are both a 1) to gate G;. So, the output of 
G;, i.e. Q goes HIGH. Since Q is connected as one input of G, the output of G, 
remains HIGH (because initially Q was a 0). So, G, has both inputs as a 1. Thus, 
its output Q willbea0. — TTT OU uas YAG X: iod t re 

2. Suppose, Q = 1, Q = 0, and J = K = 1. When a clock pulse is aj the narrow 
Positive spike at G, is steered (inverted) iw ania the output of G4, i.e. 

Q goes HIGH. Since the output of G, is HIGH (because initially Q was a 0), bott 

the inputs to G, are nen ee the output of G,, ie. Q goes LOW. ub 

So, we can sa that, if imas isd05 e 1i. "hel AA us 1 nu b 9 i sek " 
toggles, uel it GERE M nd PRESA 5. dan Tt otha on 
SE. oi. zumo ames viter noite KOM augni taidi 
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The Edge-triggered T Flip-Flop 

, labelled T for toggle. When T is HIGH, the flip- 
When T is LOW, the flip-flop remains in whatever 
state it was before. Although T flip-flops are not widely available commercially, it is: easy 
to convert a J-K flip-flop to the functional equivalent of a T flip-flop by just connecting J 
and K together and labelling the common connection as T. Thus, when T = 1, we have J = 
K=1, and the flip-flop toggles. When T = 0, we have J = K= 0, and there is no change. 
The logic symbol and the truth table of a T flip-flop are shown in Fig. 8.25. 


A T flip-flop has a single control input 
flop toggles on every new clock pulse. 


Mw SEES 
Input Output 
T Q 


0 Qs 
1 Q; 
(b) Truth table 


(a) Logic symbol 
Fig. 8.25 Edge-triggered T flip-flop. 


8.5 ASYNCHRONOUS INPUTS 


For the clocked flip-flops just discussed, the S-R, D, and J-K inputs are called 
synchronous inputs, because their effect on the flip-flop output is synchronized with the 
clock input. These synchronous control inputs must be used in conjunction with a clock 
signal to trigger the flip-flop. 

Most IC flip-flops also have one or more asynchronous inputs. These asynchronous 
inputs affect the flip-flop output independently of the synchronous inputs and the clock 
input. These asynchronous inputs can be used to SET the flip-flop to the | state or RESET 
the flip-flop to the 0 state at any time regardless of the conditions at the other inputs. In other 
words, we can say that the asynchronous inputs are the override inputs, which can be 
used to override all the other inputs in order to place the flip-flop in one state or the other. 
They are normally labelled PRESET (PRE) or direct SET (Sp) or DC SET, and CLEAR 
(CLR) or direct RESET (Rp) or DC CLEAR. An active level on the PRESET input will 
SET the flip-flop and an active level on the CLEAR input will RESET it. If the 
asynchronous inputs are active-LOW, the same is indicated by a small bubble at the input 


terminals, The inputs in that case are labelled as PRE and CLR or Sp and Rp. Most Ic 
flip-flops have both DC SET and DC CLEAR inputs. Some have only DC CLEAR. Some 
have active-HIGH inputs, some have active-LOW inputs. 

Jt is important to realize that these asynchronous inputs respond to the DC levels. 
That means, in the case of active-HIGH (LOW) inputs, if a constant | (0) is held on the 
PRE (PRE) input, the flip-flop will remain in the Q = 1 state regardless of what is 


occurring at the other inputs. Similarly, if a constant 1 (0) is held on the CLR (CLR) 
input, the flip-flop will remain in the Q = 0 state regardless of what is occurring at the 
other inputs. Most often, however, the asynchronous inputs are used to SET or CLEA 
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the flip-flop to the desired i A 
and DC RESET sede resi il of a momentary pulse. When DC SET 
inactive levels; " not used in any application, they must be held at their 

The logic symbol and the truth table of a 

F "d t J- n 5 5 

CLEAR inputs are shown in Fig. 8.26, In he K p ae active-LOW PRESET and 
be kept HIGH for synchronous operation. — ET and CLEAR inputs must 


T 
CLK —«> DCSET DCRESET FF response 
(PRE) (CLR) 
0 0 Not used 
1 0 Q-0 
s 0 1 Q=1 
CLR 1 1 Clocked operation 
(a) Logic symbol (b) Truth table 


Fig.8.26 J-K flip-flop with active-LOW PRESET and CLEAR inputs. 


The operation is discussed below. 


l. PRE = 1, CLR = 1, ie. DC SET = 1 and DC 

] , CLR Ue: = CLEAR = 

inputs are inactive and the flip-flop responds freely to J, K ai dk peus 
normal way. In other words, the clocked operation can take place. 


2. PRE = 0, CLR = 1, the DC SET is activated and Q is immedi 
5 >! is immediatel; 
no matter what conditions are present at the J, K zu CLK pem the CLE input 
cannot affect the flip-flop while DC SET = 0. 


3. PRE = 1, CLR = 0. The DC CLEAR is activated and Q is immedi eared 
1 , . is immediatel: 
a 0 independent of the conditions on the J, K or ria The CLK pes pia 
no effect when DC CLEAR - 0. 
4. DC SET = DC CLEAR = 0. This condition should not be used, since it can result 
in an invalid state. 
Figure 8.27 shows the logic symbol and the truth table of a J-K fli i i 
-| p-flop with active- 
LA PRESET and CLEAR. Figure 8.28 shows the logic diagram for an edge-triggered 
HE flip-flop with PRESET (PRE) and CLEAR (CLR) inputs. As shown in the figure, these 
E mus are connected directly into the latch portion of the flip-flop so that they override the 
*ct of the synchronous inputs J, K, and the CLK. 


ie 8.6 The waveforms shown in Fig. 8.29a are applied to the J-K flip-flop shown 
ig. 8.29b. Draw the output waveform. 
Solution 


TI 
he outpue waveform shown in Fig. 8.29c is drawn as explained below: 
l. Initially PRE and CLR are both a 1, and Q is LOW. | 
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ca oi hag ios mam Se 
DCSET DCRESET FF response 


RE) (CLR) 


0 0 Clocked operation 
0 1 Q=0 
1 0 Q=1 
1 1 Not used 
„anM 
CLR 
(a) Logic symbol (b) Truth table 


Fig. 8.27 J-K flip-flop with active-HIGH PRESET and CLEAR inputs. 


TLR 
Fig. 8.28 Logic diagram of a basic J-K flip-flop with active-LOW PRESET and CLEAR. 


so E EARE cas 
ell : ; : | : B - i 


t 
Fig. 8.29 Waveforrms—J-K flip-flop (Example 8.6). 


(b) Logic symbol 
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EM PRE goes LOW. So, Q is SET to a 1, and remains SET up to P. 
because PRE is kept LOW up to b. From b to c it also remains at a 1, because both 
PRE and CLR are a 1. | i 


Since the flip-flop is in the clocked mode (i.e. PRE = 1 and CER = 1) and since 

J and K siy both a 1, the flip-flop toggles and goes to a 0 at the negative-going edge 

of the third clock pulse at c. 

. At d, PRE goes LOW. So, Q is SET to a 1 and remains SET till e. 

. At e, CLR goes LOW. So, Q is RESET to a 0 and remains RESET till f. 

. After f, Q toggles and goes to a 1 at g at the negative-going edge of the seventh 
clock pulse. 


7. At h, CLR goes LOW. So, Q also goes LOW. 


8.6 FLIP-FLOP OPERATING CHARACTERISTICS 


Manufacturers of IC flip-flops specify several important characteristics and timing 
parameters that must be considered before a flip-flop is used in any circuit application. They 
are typically found in the data sheets for ICs, and they are applicable to all. flip-flops 
regardless of the particular form of the circuit. 


Propagation Delay Time 


The output of a flip-flop will not change state immediately after the application of the clock 
signal or asynchronous inputs. The time interval between the time of application of the 
triggering edge or asynchronous inputs and the time at which the output actually makes a 
transition is called the propagation delay time of the flip-flop, It is usually in the range of 
a few ns to 1 ps. Several categories of propagation delay are important in the operation of 
a flip-flop. The propagation delays that occur in response to a positive transition on the 
clock input are illustrated in Fig. 8.30. They are: 


50% point on the triggering edge 
: 3rmt' qu-3e2 


gumin 2d 2i "qu (T 


50% point on the LOWAo-HIGH "> S094 point on the HIGH-to-LOW 
: xr i -o transition ofQ =o . 
Q i 
: i emit bIoH 
—À tan X— 23 X— 
i is doid i3 3muminiig sii 2) (a) mit blod odT 
(a) 


ine of} toile fh ort Yo alan wigati 50! 16 metanoz 


Fig. 8.30 Propagation delays foun and fps Wt. CLK ni. ,Saluq 3»olo 
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red from the triggering of the clock pulse to the LOW- 


tput (shown in Fig. 8.302). 
from the triggering of the clock pulse to the 
output (shown in Fig. 8.30b). 

flop's asynchronous 


1. Propagation delay pui measu! 
to-HIGH transition of the ou! 


2. Propagation delay ‘prt measured 
HIGH-to-LOW transition of the 

n delays that occur in response to signals on a flip- 

Ilustrated in Fig. 8.31. They are: 


The propagatioi : 
inputs (PRESET and CLEAR) are 1 


LR 


PRE 


50% point on the triggering edge x 50% point on the triggering edge 


50% point on the HIGH-to-LOW 
50% point on the LOW-to-HIGH \ transition of Q 


transition of Q 


pes un ea 
(b) 


(a) 
d tpp W.r.t. PRESET and CLEAR. 


Fig. 8.31 Propagation delays tey an 
measured from the PRESET input to the LOW-to-HIGH 
Figure 8.31a. illustrates this delay for active-LOW PRESET. 
2. Propagation delay fp measured from the CLEAR input to the HIGH-to-LOW 


l. Propagation delay fpi 
transition of the output. 


transition of the output. Figure 8.31b illustrates this delay for active-LOW CLEAR. 
tween the 50% points on the input and output 
d tp, are usually in the range of a few ns to 
he number of loads being driven by the Q 


Note that these delays are measured be! 
waveforms. The propagation delays fp, 4; an 
1 ws. They increase in direct proportion to t 


output. 


Set-up Time 


The set-up time (¢,) is the minimum time for which the control levels need to be maintained 
constant on the input terminals of the flip-flop, prior to the arrival of the triggering edge of the 
clock pulse, in order to enable the flip-flop to respond reliably. Figure 8.32a illustrates the 
set-up time for a D flip-flop. 


Hold Time 


The hold time (t) is the minimum time for which the control signals need to be maintained 
constant at the input terminals of the flip-flop, after the arrival of the triggering edge of the 
clock pulse, in order to enable the flip-flop to respond reliably. Figure 8.32b illustrates the 
hold time for a D flip-flop. 
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/ 50% point on the input 50% point on th: 
j point on the input 


50% point i ; 
d point on the triggering edge / 50% point on the triggering edge 


CLK an 


(a) 
! (b) 
Fig. 8.32 Set-up time and hold time for a D flip-flop. 


Maximum Clock Frequency 


The maximum clock frequency (fmax) i i 

Ü y MAX) is the highest frequency at which ip- 

E? iron triggered. If the clock frequency is above this num the ap atl 
be unable to respond quickly enough and its operation will be unreliable. The fi, limit 
will vary from one flip-flop to another. i Mist o 


Pulse Widths 


The manufacturer usually specifies the minimum pulse widths for the asynchrono! 

inputs. For the clock signal, the minimum HIGH time ty(H) and Song an LOW ti I 
^w(L) are specified and for asynchronous inputs, ie. PRESET and CLEAR, the atari 
active state time is specified. Failure to meet these minimum time requirements can result 
in unreliable operation. Figure 8.33 shows pulse widths for CLK and asynchronous inputs. 


CLK 3 
‘eH — : : 

` : wo iu wa nol-dquin saori doni isigmadoq 

(a) CLK jon ti Sie RO aC 

Fig. 8.33 Minimum pulse widths, — — ^ ^^ 

t jvd Dp s ogni. pi avi Riek Amae, 
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o long to make the transitions from one level 


rt. If the clock signal takes to! 
y or not trigger at all. 
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to the other, the flip-flo 


power Dissipation 
umption of the device. It is equal 


tion of a flip-flop is the total power cons 
om the supply by it. 


The power dissipa 
) and the current (lec) drawn fr 


to the product of the supply voltage (Voc 
P = Voc X lec 


sually in mW. 


The power dissipation of a flip-flop is u 
flip-flop dissipates P mW of power, the 


If a digital system has N flip-flops and if each 
total power requirement Prot i5 
= (N x P) mW 
input voltages, output voltages, noise 
to logic gates. 


Pror = NX Voc X lec 


Many other characteristics such as fan-out, 
margin, etc., will be discussed in Chapter 11 in relation 


clock Skew and Time Race 

One of the most common timing problems in synchronous circuits is clock skew. In many 
digital circuits, the output of one flip-flop is connected either directly or through logic gates 
to the input of another flip-flop, and both flip-flops are triggered by the same clock signal. 
The propagation delay of a flip-flop and/or the delays of the intervening gates make it difficult 
to predict precisely when the changing state of one flip-flop will be experienced at the input 


of another. 


The clock signal which is applied simultaneously to all flip-flops in a synchronous 


system may undergo varying degrees of delay caused by wiring between components, and 
arrive at the CLK inputs of different flip-flops at different times. This delay is called clock 
skew. If the clock skew is minimal, a flip-flop may get clocked before it receives a new 
input (derived from the output of another clocked flip-flop). On the other hand, if the clock 
pulse is delayed significantly, the inputs to a flip-flop may have changed before the clock 
pulse arrives. In these situations, we have a kind of a race between the two competing 
signals that are attempting to accomplish opposite effects. This can be termed time race. 
The winner in such a race depends largely on unpredictable propagation delays—delays that 
can vary from one device to another and that can change with environmental conditions. 
It is clear that reliable system operation is not possible when the responses of a flip-flop 
depend on the outcome of a race. 


Potential Timing Problem in Flip-flop Circuits 


A typical situation where this type of potential timing problem occurs is illustrated in 
Fig. 8.34, where the output of the first flip-flop Q; is connected to the S input of the secon 
flip-flop and both the flip-flops are clocked by the same signal at their CLK inputs. 

The potential timing problem is like this: Since Q, will change on the positive-goil E 
transition of the clock pulse, the S input of the second flip-flop will be in a changing 
state as it receives the same positive-going transition. This could lead to an unpredictab! e 


response at Qz- 
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Let us assume that, initially Q, = 1 and Q; = 
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an unpredictable operation may occur. This problem with the master-slave flip-flop is 
overcome with an improved master-slave version called the master-slave with data lock-out. 

There are three basic types of master-slave flip-flops—S-R, D, and J-K. The J-K is by 
far the most commonly available in IC form. Figure 8.35 shows the logic symbols. The key 


to identifying a master-slave flip-flop by its logic symbol is the postponed output symbol 7 
at the outputs. Note that there is no dynamic input indicator at the clock input. 


s aaa D salis J a ea 
cC c c 
R aKa aKa K aa 


(a) S-R flip-flop (b) D flip-flop (c) J-K flip-flop 


Fig. 8.35 Logic symbols of master-slave flip-flops. 


The Master-slave (Pulse-triggered) S-R Flip-Flop 


Figure 8.36 shows the logic diagram and the truth table of a master-slave, S-R flip-flop. The 
truth table operation is the same as that for the edge-triggered S-R flip-flop except for the 
way it is clocked—internally though the master-slave type is quite different. The external 
control inputs S and R are applied to the master section. The master section is basically a 
gated S-R latch, and responds to the external S-R inputs applied to it at the positive-going 
edge of the clock signal. The slave section is the same as the master section except that 
it is clocked on the inverted clock pulse and thus responds to its control inputs (which are 
nothing but the outputs of the master flip-flop) at the negative-going edge of the clock pulse. 
Thus, the master section assumes the state determined by the S and R inputs at the positive- 
going edge of the clock pulse and the slave section copies the state of the master section 
at the negative-going edge of the clock pulse. The state of the slave then immediately 


appears on its Q and Q outputs. 


Inputs Output Comments 
S R CLK Q 
0 0 [|| G  Nochange 
D. do e 0 RESET 
12 10^ RE 4 SET 
ae ITE ? Invalid 


(a) Logic Diagram (b) Truth table 


Fig. 8.36 The master-slave S-R flip-flop. 


EXAMPLE 8.7 The waveforms shown in Fig. 8.37a are a; 
shown in Fig. 8.36. Draw the output waveform. : 


(a) Input waveforms 


(b) Output waveform 


Solution 
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| and the output of master is a 1. = v 
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Positive-going edge of the first 3 bui 
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plied to the master-slave flip-flop 
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operation. At the positive-going edge of the second clock pulse, S = 1 and R — 0 (and G, 
= 0, Q = 0). So, the master sets, i.e. the output of G, goes HIGH. At the negative-going 
edge of the second clock pulse, the slave copies this action of the master and, therefore, 
Q goes HIGH. 

At the positive-going edge of the third clock pulse, S = 0 and R = 1, so, the master resets, 
i.e. the output of G; goes LOW. At the negative-going edge of the third clock pulse, the slave 
copies this action of the master and, therefore, Q goes LOW. 

At the positive-going edge of the fourth clock pulse, S = 0 and R = O (the output 
of G, = 0, Q = 0). So, there is no change in the state of the master. Hence, there will not 
be any change in the state of the slave at the negative-going edge of that clock pulse and 
Q, therefore, remains LOW. 

The output waveform is shown in Fig. 8.37b. 


The Master-slave (Pulse-triggered) D Flip-flop 


The truth table operation of the master-slave D flip-flop shown below is the same as that 
of the negative edge-triggered D flip-flop except for the way it is triggered. The D input 
is transferred to the master at the positive-going edge of the clock pulse and the same is 
copied by the slave and, therefore, appears at the Q output of the slave at the negative-going 
edge of the clock pulse. The truth table of the master-slave D flip-flop is shown below: 


Inputs Output Comments 


DCK a 
Oh ao RESET 
"Wn SET 


EXAMPLE 8.8 The waveforms shown in Fig. 8.38a are applied to the master-slave D flip- 
flop shown in Fig. 8.38b. Draw the output waveform. 


CLK 


(a) Input waveforms 


D : ; i | | 
i i E c 
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(b) Logic symbol 


Q 
(c) Output waveform 


Fig. 8.38 Waveforms—master-slave D flip-flop (Example 8.8). — 
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The output waveform shown in Fig. 8,38c is drawn as explained below: — GUTS 


Assume that initially Q = 1. At the positive-goi ck puls Dis 
: -going edge of the first clock 
LOW. So, Q goes LOW at the negative-going edge of the first clock pulse. Bp " 


Solution 
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At the positive-going edge of the second clock ul 2 
s M se, 
at the negative-going edge of the second clock fpa e, D is HIGH. So, Q goes HIGH 


D is LOW at the positive-going edge of the third cl s 
negative-going edge of the third clock pulse, and so ids Pulse. So, Q goes LOW at the 


A major restriction on the use of a master- P f 
be held constant while the clock is HIGH. ieee paie db the input data must 
is HIGH, the master responds immediately to the new data, thus, lo dieit clock pulse 
available at the preceding positive-going edge of the clock pulse ay H data which was 
to this new state of the master at the next negative-going edge Te cu s 
. Thus, 


the flip-flop provides an output corresponding to the last i 
STUN T°) nput i 
pulse was HIGH. This is illustrated by the example given eee rete e 


EXAMPLE 8.9 The waveforms shown in Fig. 8.39a are applied to the master- 


flop shown in Fig. 8.39b. Draw the output waveform. Sv b ie 
^ 
a 1 z 2 h 
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Q E iur s 
(c) Output waveform | z (b) Logic symbol 


t —— à 
Fig. 8.39 Waveforms—master-slave D flip-flop (Example. 8.9). 


Solution 
nolui, 


The output waveform shown in Fig. 8.39c is drawn as explained below: — —— 
d e the positive-going edge of the third clock pulse, D is HIGH, but Q goes LOW at the 
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(a) Logic diagram 
Fig. 8.40 The master-slave J-K flip-flop. 


EXAMPLE 8.10 The waveforms shown in Fig. 8.41a are applied to the master-slave J-K 
flip-flop shown in Fig. 8.41b. Draw the output waveform. 
CLK | ^ 


2e 
(a) Input waveforms A : E 5 : 1 a T2 
4| : 5 


A 


[id J ara 
AccI : d ; ; 
K | d ; i E 
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ATHE (b) Logic symbol 


| 
(c) Output waveform | 


Fig.8.41 Waveforms—master-slave J-K flip-flop (Example 8.10). 
Solution 
The output waveform shown in Fig. 8.41c is drawn as explained below: 


Initially, J = 0 and K = 1 and the flip-flop is assumed to be in SET state, i.e. Q = 1. 
At the positive-going edge of the first clock pulse, J = 0 and K = 1. So, the flip-flop 


resets, and Q goes LOW at the negative-going edge of this clock pulse. y 
At the positive-going edge of the second clock pulse, J = 1 and K = 0. So, the flip-flop sets, — 
and Q goes HIGH at the negative-going edge of this clock pulse. W 


At the positive-going edge of the third clock pulse, J = 0 and K = 0. So, there will not b 
any change in the state of the flip-flop at the negative-going edge. Thus, the flip-flo 
remains SET. Hence Q remains HIGH. There afterwards, both J and K remain HIGH. 


the flip-flop will be in toggle mode. Hence, Q goes to the opposite state at the negative-g0i 
edge of cach of the subsequent clock pulses. P 


The Data Lock-out Flip-Flop 


Earlier it was mentioned that a severe limitation of the master-slave flip-flop is that 
data inputs must be held constant while the clock is HIGH, because it responds to 


Inputs Output Comments ~” 
Je eG Q 3 
0:30. T 1j Qa No change 
[ue MERE 0 RESET 
Mi 1 SET 
dp 549 sh Q Toggle 

(b) Truth table 
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changes in the data inputs when the clock is HIGH. This problem is overcome in the data 
lock-out flip-flop. 

The data lock-out flip-flop is similar to the master-slave (pulse-triggered) flip-flop 
except that it has a dynamic clock input, making it sensitive to the data bits only during 
clock transitions. After the leading edge of a clock transition, the data inputs are disabled 
and thus not held constant while the clock pulse is HIGH. In essence, the master portion 
of this flip-flop is like an edge-triggered device and the slave portion performs like the slave 
in a master-slave device to produce a postponed output. 

Figure 8.42 shows the logic symbol for a data lock-out J-K flip-flop. Note that this 
symbol has both the dynamic input indicator for the clock, and the postponed output indicators. 
This type of flip-flop is classified by most manufacturers as a master-slave with a special lock- 
out feature. The master-slave flip-flop has now become obsolete although we may encounter 
it in older equipment. 


Fig. 8.42 Logic symbol of the master-slave J-K flip-flop with data lock-output. 


8.8 CONVERSION OF FLIP-FLOPS 


To convert one type of flip-flop into another type, a combinational circuit is designed such 
that if the inputs of the required flip-flop are fed as inputs to the combinational! circuit and 
the output of the combinational circuit is connected to the inputs of the actual flip-flop, then 
the output of the actual flip-flop is the output of the required flip-flop. 


S-R Flip-flop to J-K Flip-flop 


Here the external inputs to the already available S-R flip-flop will be J and K. S and R 
are the outputs of the combinational circuit, which are also the actual inputs 10 the 
S-R flip-flop. We write a truth table with J, K, Qn, Qn- S, and R, where Q, is the 
present state of the flip-flop and Q,., is the next state obtained when the particular J 
and K inputs are applied. x ' 

J, K and Q, can have eight combinations. For each combination of J, K, and Q,, find 
the corresponding Q,,,, i.e, determine to which next state (Q,.,) the J-K flip-flop will go 
from the present state Q, if the present inputs J and : cu applied. Now complete the table 
by writing the values of S and R required to get eac Senate corresponding i 
write pe values of S and R are required to change the EA of the flip-flop SAM s 
One oaii 5d ud tats Paad uh co has 210g amatz o0) 53& Ji bas 2 

The conversion table, the K-maps for S and R in terms of J, K, and Q, and the logic 
diagram showing the conversion from S-R to J-K are shown in Fig. 843. — = 0 
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J-KInputs Outputs  S-R Inputs 
LK Q, Q, S R 


Q è 
ue EAN 


(b) K-maps for S and R 
Fig. 8.43 Conversion of S-R flip-flop to J-K flip-flop. | 


J-K Flip-Flop to S-R Flip-flop 


Here, S and R become the external inputs, and the outputs of the combinational circuit are 
the actual inputs to the J-K flip-flop. So, we have to get the values of J and K in terms | 
of S, R and Q,. Thus, write a table using S, R, Q,, Qnr» J, and K. The external inputs 
S and R and the output Q, can make eight possible combinations. For each combination, 
find the corresponding Q,,,. In the S-R flip-flop, the combination S = 1 and R = 1 is not 
permitted. So, the corresponding output is invalid and, therefore, the corresponding J and 
K are don't cares. Complete the table by writing the values of J and K required to get each 
Qrey from the corresponding Q,. ag 
The conversion table, the K-maps for J and K in terms of S, R, and Q, and the logic 
diagram showing the conversion from J-K to S-R are shown in Fig. 8.44. wa 


S-R Flip-flop to D Flip-flop M 


D is the external input to the flip-flop, S and R are the actual inputs to the flip-flop. EX ess 
S and R in terms of D and Q,. A ^N 


j ü 
. The conversion table, the K-maps for S and R in terms of D and Qn and the lo; 
diagram showing the conversion from S-R to D are shown in Fig. 8.45. 

D Flip-flop to S-R Flip-Flop 


S and R are the external inputs and D is the actual input to the flip-flop. S, R, and Q, 
eight possible combinations, but S = R = 1 is an invalid combination. So, the correspondi 
entries for Q,,, and D are the don't cares. Express D in terms of S, R, and Q,. 
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S-R Inputs Outputs J-K Inputs 
S R QnQn+1 J K 


(a) Conversion table (c) Logic diagram 


RQ, 
00 01 


1 


10 


(b) K-maps for J and K K=R 
Fig. 8.44 Conversion of J-K flip-flop to S-R flip-flop. 


Dinput Outputs — S-R Inputs 


ERE, as p 
e V 
0 eo) 0 4 . 
1 0 1 Te 
1 deni x 0 - 
S=D R=D 
(a) Conversion table (b) K-maps for S and R * (c) Logic diagram 


Fig.8.45 Conversion of S-R flip-flop to D flip-flop. 


The conversion table, the K-map for D in terms of S, R, and Q,, and the logic diagram 
showing the conversion from D to S-R are shown in Fig. 8.46. 


S-R Inputs Qutputs D Input 

SIR n AN., 

0 0 OF 30; 0 
0 0 1 et 1 
0 1 0 0 0 
0. 3 1 0 0 
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TAN Tum 1 


(a) Conversion table 


(c) Logic diagram 
Fig. 8.46 Conversion of D flip-flop to S-R flip-flop. 
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J-K Flip-Flop to T Flip-Flop 


external input and J and K are the actual inputs to the flip-flop. T and Q, make 


Express J and K in terms of T and Q, 
the K-maps for J and K in terms of T and Q, and the logic 


ion table, 


Fee 1 ceni tos aiii mam 


The conve à 1 
diagram showing the conversion from J-K to T are shown in Fig. 8.47. 
| 
i 
TInput Outputs J-K Inputs 
Q, Q.. JN E 
Z7 0 O0 0 X 
0 1 1 x 0 
1 0 1 X 
p iua K=T 


(a) Conversion table (b) K-maps for J and K (c) Logic diagram 


Fig. 8.47 Conversion of J-K flip-flop to T flip-flop. 


J-K Flip-flop to D Flip-flop 


D is the external input and J and K are the actual inputs to the flip-flop. D and Q, make | 
four combinations. Express J and K in terms of D and Q,. P 

The conversion table, the K-maps for J and K in terms of D and Q,, and the logic | 

| 

| 

l 


diagram showing the conversion from J-K to D are shown in Fig. 8.48. 


Dinput Outputs J-K Inputs 


Q, Qr J K 
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0 Tan Xt 
1 Die WS 
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K=D 


(a) Conversion table (b) K-maps for J and K (c) Logic diagram 


Fig. 8.48 Conversion of J-K flip-flop to D flip-flop. z 


D Flip-flop to J-K Flip-flop 


J and K are the external inputs and D is the actual input to the flip-flop. J, K, and Q, make — 
eight combinations. Express D in terms of J, K, and Q : 
n 


The conversion table, the K-map for D in terms of J, K, and Q, and the logic diagram ' 


showing the conversion from D to J-K are shown in Fig. 8.49 
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(a) Conversion table (b) K-map for D (c) Logic diagram 


Fig.8.49 Conversion of D flip-flop to J-K flip-flop. 


8.9 APPLICATIONS OF FLIP-FLOPS 


There are a large number of applications of flip-flops. Some of the basic applications are 
parallel data storage, serial data storage, transfer of data, frequency division, counting, 
parallel to serial conversion, serial to parallel conversion, synchronizing the effect of 
asynchronous data, detection of an input sequence, etc. These are discussed in detail as 
under. 


Parallel Data Storage 


A group of flip-flops is called a register. To store a data of N bits, N flip-flops are required. 
Since the data is available in parallel form, i.e. all bits are present at a time, these bits may be 
made available at the D input terminals of the flip-flops and when a clock pulse is applied to 
all the flip-flops simultaneously, these bits will be transferred to the Q outputs of the flip-flops 
and the flip-flops (register) then store the data. The use of the flip-flops for parallel data 
storage is illustrated in Fig. 9.17 (see Section 9.8). 


Serial Data Storage 


To store a data of N bits available in serial form, N number of D flip-flops are connected 
in cascade. The clock signal is connected to all the flip-flops. The serial data is applied to 
the D input terminal of the first flip-flop. Each clock pulse transfers the D input to its Q 
output. So, after N clock pulses the register (group of flip-flops) contains the data and 
then stores it. The use of flip-flops for serial data storage is illustrated in Fig. 9.10 
(Section 9.5) and Fig. 9.13 (Section 9.6). 


Transfer of Data 


Data stored in flip-flops may be transferred out in a serial fashion, i.e. bit-by-bit from the 
output of one flip-flop or may be transferred out in parallel form, i.e. all bits at a time from. 
the Q outputs of each of the flip-flops. 
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Serial-to-Parallel Conversion 


To convert the data available in serial form into parallel form the serial data are first entered 
paikas sen l-in parallel-out shift register (a group of flip-flops connected in 
= pe = : m: ihe dst are available simultaneously at the outputs of the flip-flops, 
pce E e alin parallely. To convert an N-bit serial data to parallel form, N flip- 
Bo i jwipsdies xdi pulses are required to enter the data in serial form and one clock 
eii is required to shift the data out In parallel OnE -— —á5—— 
-. The use of flip-flops for serial-to-parallel conversion Is illustrated in Fig. 9.13 (5 .6). 


Parallel-to-Serial conversion 


To convert the data available in parallel form into serial form, the parallel van are first 
entered in the parallel-in serial-out shift register in parallel form, i.e. all bits at a time and 
then that data is shifted out of the register serially, i.e. bit-by-bit by the application of clock 
pulses. To convert an N-bit parallel data to serial form, N flip-flops are required. One clock 
pulse is required to shift the parallel data into the register and N clock pulses are required 


to shift the data out of the register serially. noie: vidit E 
1 The use of flip-flops for parallel-to-serial conversion 1s illustrated in Fig. 9.15 (Section 9.7). 


Counting 


10 
A number of flip-flops may be connected in a particular fashion to count the pulses 
electronically. One flip-flop can count up to 2 pulses, two flip-flops can count up to 2 Z 
4 pulses. In general, N flip-flops can count up to 2" pulses. In a simple counter, all the flip- 
flops are connected in toggle mode. The clock pulses are applied to the first flip-flop and - 
the clock terminal of each subsequent flip-flop is connected to the Q output of the previous 


flip-flop. Feedback may be provided if the maximum count required is not 2. Flip-flops — 


may be used to count up or down or up/down. Figures 10.1, 10.2, 10.3, 10.7, 10.8, and — 


10.9 illustrate the use of flip-flops for counting. : bag 


Frequency Division ' A 


Flip-flops may be used to divide the input signal frequency by any number. A single fli y- 
flop may be used to divide the input frequency by 2. Two flip-flops may be used to divi 
the input frequency by 4. In general, N flip-flops may be used to divide the input frequency, 
by 2". If M flip-flops are connected as a ripple counter (a counter in which the ex tt 

l is applied to the clock terminal of the first flip-flop and the Q output of each fli 
p is connected to the clock input of next flip-flop) and if the input signal of frequen 
is fed to the first flip-flop, the output of this flip-flop will be of frequency //2, the o 

d flip-flop will be of frequency f/4, and so on. 


0.7a and the waveforms in Fig. 10.7b (also Figs 10.1, 10.2, 10:4, 105 
use of flip-flops for frequency division. ) 


illustrate the 


8.10 ANSI/IEEE SYMBOLS 


The si i Park A ne 
e mbols which we have used till now for the latches and the flip-flops are called 
raditional symbols. We now introduce the ANSI/IEEE symbols for the latches and flip- 


— 
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Figure 8.50a shows the ANSI/IEEE logic symbol for a single D latch. It uses the letter 
C to denote the ENABLE input. In fact, the ANSI/IEEE symbology uses C for any input 
that controls the effect of other inputs on the output. The logic level applied to the ENABLE 
input controls the D input when the same is applied to effect a change in Q and Q. Note 


that the outputs Q and Q are labelled outside the block. The right triangle on Q indicates 
that it is an inverted output, 


ENABLE - 


ol 


(a) D latch (b) 7475 quad D latch 
Fig. 8.50 ANSI/IEEE logic symbols. 


Figure 8.50b shows the ANSI/ IEEE logic symbol for the IC—TTL 7475 quad latch. 
This IC contains four D latches that operate individually in a manner described earlier. This 
symbol also applies to the corresponding ICs in the other TTL and CMOS series, for 
example, 74LS75, 74L75, 74C75, and 74HC75. 

The overall symbol outline for the 7475 IC contains four smaller rectangles that 
represent the individual latches. Note how the inputs and outputs to each latch are labelled. 
For example, the input to the top latch is labelled 1D, its ENABLE input is labelled C1 and 
its outputs are 1Q and 1Q. The top two latches have a common ENABLE input, that is, 
Cl and C2 are connected together internally and brought out to a single pin on the IC 
package. Likewise, the bottom two latches share a common ENABLE input. 

Figure 8.51a shows the ANSI/IEEE logic symbol for a positive edge-triggered D flip- 
flop with asynchronous inputs. The clock input is labelled C inside the symbol's rectangular 


CR — 
(a) Positive edge-triggered D Flip-flop 


(b) 74LS175D Flip-flop 
Fig. 8.51 ANSI/IEEE logic symbols. 
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s that the flip-flop is positive edge-triggered. The PRE and 
bolized by the right triangles. The labels S and R inside 
s SET and RESET which are equivalent to PRESET and 


outline. The triangle at C indicate: 
CLR inputs are active-LOW as sym 


the rectangle indicate asynchronou: 


CLEAR, respectively. 

Figure 8.51b shows the ANSI/I 
four D flip-flops that share à common 
do not have a PRE input. This symbol 
flop and a special common control bloc! 
common control block is used whenever ài 
to more than one circuit on the chip. For the 7: 
common to all the four D flip-flops on the IC. Thi 
on CLK will cause each Q output to take on the leve 
that a LOW on CLR will CLEAR all Q outputs to the LOW state. 

Figure 8.52a shows the ANSI/IEEE logic symbol for a negative edge-triggered J-K flip- 
flop with asynchronous inputs. The right triangle at C outside the rectangle indicates that 


the flip-flop is triggered at the negative-going transition of the clock. 


EEE logic symbol for a 74LS175 IC, which contains 
CLK input and common CLR input. The flip-flops 
contains a separate rectangle to represent each flip- 
k which is the notched rectangle on top. The 
n IC has one or more inputs that are common 
4LS175 IC, the CLK and CLR inputs are 
s means that a positive-going transition 
| present at its D input; it also means 


1PRE 
1J 
1 CLK 
1K 
1ER 
2 PRE 
2J 
2 CLK 
2K 
2CLR 


CLR 
(a) Negative edge-triggered J-K flip-flop 
Fig. 8.52 ANSI/IEEE logic symbols. 


(b) 74LS112 J-K flip-flop 


: ics 8.52b shows the ANSI/IEEE logic symbol for the IC 74LS112, that is part of | 
t e 74LS series of TTL devices. The 74LS112 IC is a dual negative edge-triggered J-K flip- 
E with active-LOW PRESET and active-LOW CLEAR. It contains two J-K flip-flops like 
s he shown in Fig. 8.52a. The symbol contains two rectangles one for each flip-flop: 
ies ei ON the inputs and outputs are numbered. Also note that the input labels inside the 
a ak ne ong only for the top flip-flop. It is understood that the inputs to the bottom 
s in the same arrangement as those t i ymbo 
Esc both 748112 and 74HC112 chips. se to für tpp onc, Thie aa É 
igure 8.53a shows the ANSI/IEEE logi 
Mew edel ogic symbol for the 74LS111 dual J-K master-slave 
E $5 bastone the ANSI/IEEE logic symbol for the 74H71 J-K master 
ggered) flip-flop. As can be seen from the figure, the following logic operai 
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are performed on the inputs to generate J and K 


1J= (JIA - JIB) + (J2A - J2B) 
IK = (KIA - KIB) + (K2A - K2B) 


(a) 74LS111 (b) 74H71 
Fig. 8.53 ANSI/IEEE logic symbols. 


The 74H71 flip-flop does not have data lock-out, since the clock input is not dynamic. 


8.11 SCHMITT TRIGGER 


A Schmitt trigger is not classified as a flip-flop, but it does exhibi 
characteristic that makes it useful in certain ieu situations. me ee 

A Schmitt trigger inverter accepts slow changing signals and produces an output that has 
oscillation-free transitions. Figures 8.54a and f show a Schmitt trigger inverter and its 
response to a slow changing input. From the waveform of Fig. 8.54f, it can be noticed that 
the output does not change from HIGH to LOW until the input exceeds the positive-going 
threshold voltage Vy, (also called UTL) and then remains LOW even if the input falls Eelow 
Vy, and changes from LOW to HIGH only when the input falls below the negative-going 
threshold voltage V;_ (also called LTL). Logic designers use ICs with Schmitt trigger inputs 
to convert slow-changing signals to clean, fast-changing signals that can drive standard IC 
inputs. 

There are several ICs available with Schmitt trigger inputs. The 7414, 74LS14, and 
74HC14 are hex inverter ICs with Schmitt trigger inputs. The 7413, 74LS13, and 74HC lage 
dual 4-input NANDs with Schmitt trigger inputs. The 74132 contains four 2-input NAND gates 
with built-in Schmitt triggers. 

The logic symbol for these devices shown in Figs. 8.54a, b, and c contain a box-like 
symbol called the Aysterisis loop, which represents the transfer characteristic (output 
voltage vs input voltage) of a device having hysterisis. The lower and upper trigger level 
of TTL Schmitt triggers are fixed by design, therefore, hysterisis is not adjustable. Typi es 
er. are, Vz, = 1.7 V and Vy. = 0.9 V, giving a hysterisis of 0.8 V. à : 

i 8.5. itt tri inverter usi i 
"— shows a Schmitt trigger in using an op-amp. Figure 8.54e shows the 


348 Fundamentals of Digital Circuits 


A 
po Oe d 
(b) Schmitt trigger (c) Schmitt trigger 


(a) Schmitt trigger Si aput NAND gate 4-input NAND gate 


inverter 


En 


R, 
Ry s 
Veer 
(d) Schmitt trigger using an op-amp 


P 


ein ^ 
(g) ANSV/IEEE standard logic symbol for the 74132quad2 


LTL UTL 


(e) Hysterisis loop input NAND Schmitt trigger 
Fig. 8.54 ICs with Schmitt trigger inputs. Ro 7 


oa 


Figure 8.54g shows the ANSI/IEEE logic symbol for 74132 quad 2-input NAND 
Schmitt trigger. ' r 
w j 


: EL 


1100-4 


8.12 MONOSTABLE MULTIVIBRATOR (ONE-SHOT) 


There are three types of multivibrators: (1) Bistable multivibrator, commonly kno 
flip-flop, (2) monostable multivibrator, commonly known as one-shot or single- 
simply monostable, and (3) astable multivibrator usually called free-running multivib 

A bistable multivibrator (flip-flop) has two stable states. A stable state is a sta 
which the multivibrator can remain indefinitely. A triggering signal is required to 
the state of the bistable multivibrator. It flip-flops (i.e. changes back and forth 
its two stable states when triggering pulses are applied. 

A monostable multivibrator, as the name itself indicates, has only one stable st 
other state is quasi-stable. When triggered, it changes from its stable state (LOW sta 
quasi-stable state (HIGH state) and remains there for a specified length of time before! 
automatically to its stable state, i.e. it produces a pulse of predetermined width i 
to a trigger input. The trigger itself may be a pulse, whose LOW-to-HIGH or 
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transition (depending on design) initiates the output pulse. The width of the output pulse is 
usually determined by the resistance and capacitance values in an RC network, called the 
timing circuit, connected to the device. A monostable multivibrator is often called simply 
a monostable, a one-shot or a single-shot because it produces a single pulse in response 
to a trigger input. The output of the monostable is labelled Q. Many monostables also have 
a Q output, the complement of Q which goes LOW when Q goes HIGH and vice versa. 

Figure 8.55a shows a basic one-shot circuit composed of a NOR gate and an inverter. 
In the normal stable state, the input is LOW and Q output is also LOW. So, the output of 
the NOR gate (G,) is HIGH. When a positive triggering pulse is applied to G}, the output of 
G, goes LOW. This HIGH-to-LOW transition is coupled through the capacitor to the input 
to inverter (G;). The apparent LOW on G, makes its output go HIGH. This HIGH is 
connected back into G, keeping its output LOW. So, a trigger pulse has caused the Q output 
to go HIGH. 

The capacitor immediately begins to charge through R towards the HIGH voltage level. 
The rate at which it charges is determined by the RC time constant. When the capacitor 
charges to a certain level which appears as a HIGH to G,, the output goes back to LOW. So, 
a pulse of fixed time duration is generated at the Q terminal of the monostable circuit. 


Vec 


t 
JL 
Trigger (T) 
t t 


(b) Using NAND gates 


(a) Using a NOR gate and an inverter 
Fig. 8.55 Monostable circuits. 


Figure 8.55b shows a monostable using NAND gates. G, is a 2-input NAND gate. G, 
is used as an inverter. Under the resting condition, voltage across R is zero which is the 
input to G;. So, the output of G; is HIGH. As both the inputs to G, are HIGH, its output 
is LOW. | 

When a negative trigger is applied at G,, the output of G, goes HIGH. Since the 
voltage across C cannot change instantaneously, this appears as a HIGH at the input to Gz, 
and, therefore, its output goes LOW. As the capacitor charges, the voltage across R and, 
therefore, the input to G, decreases with a time constant RC. When this voltage falls below 
a certain level, it appears as a LOW to G;, and, therefore, its output goes back to HIGH. So, 
a triggering pulse causes the output of the circuit to go LOW for a specific time. Hence, 
the circuit acts as a monostable multivibrator. i! 

Figure 8.56 shows the various logic symbols used for monostable multivibrators. . 

Figure 8.57 shows a monostable multivibrator using 555 timer. The 555 timer is TTL 
compatible. The output at pin 3 is normally in LOW state. When a negative triggering pulse 
is applied at pin 2, the output goes HIGH for a specific time (4y = 1.1RC) and then comes 
back to its normal LOW, state. So, a positive pulse of width 4, = LIRC is generated. This 
is a non-retriggerable one-shot. Application of new trigger pulses during the timing cycle 
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Normally *Vcc 
Q Low output 
Trigger T zx Normally 3 
a High output 1+ Q 
Stable state ss 
Q-0,0-1 i 0 (i) 
Quasi-stable state tec RyCy 
Q=1,0=0 : 
0 m 
Ibols 
(a) Traditional symbols (b) ANSI/IEEE sym! 
Fig. 8.56 Monostable multivibrators. 
5v 
3 
Output ov 
t 
— 
ty = 1.1RC 
0.01 pF 
Fig. 8.57 Monostable using 555 timer. _ 
i3 
has no effect. However, the RESET input at pin 4 can be used to terminate an output pulse 
during the timing cycle, if desired. org 


integrated Circuit One-shots 


Two types of one-shots are available in IC form—retriggerable type and non-retrigge 
type. A retriggerable one-shot is one that accepts a new trigger input while the ou 
pulse produced by the previous trigger is still in progress. The new trigger initiates 
timing cycle. So, the output pulse is extended, beginning from where the new 
occurred, for a length of time equal to the monostable's full output pulse width. In otf 


poses a new pulse beginning from where ! 


occurred. A non-retriggerable one-shot simply ignores any new trigger that occurs 


a pulse output is in progress. 
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Figure 8.58a shows the waveforms for a non-retriggerable monostable multivibrator. 
From the waveforms, observe that if t, is the pulse width of the one-shot, the output of 
the one-shot goes HIGH only for t, whenever a positive going transition of the trigger 
occurs. Also, the duration of the triggering pulse is of no consequence. Also, a triggering 
pulse applied when the output is already HIGH, does not affect the output at all. 

Figure 8.58b shows the waveforms for a retriggerable one-shot. Note that the output 
remains HIGH for a time f, after the application of the trigger at any instant. 


Figure 8.58c shows the comparison of waveforms for the outputs of retriggerable and 
non-retriggerable one-shots. 


ot ee feet eges 


(a) Waveforms for non-retriggerable operation 


e E 


(b) Waveforms for retriggerable operation 


RR MET Sc DM 
<b <b> <b> 


(c) Comparison of waveforms for retriggerable and non-retriggerable operations 
Fig.8.58 Waveforms of non-retriggerable and retriggerable monoshots. 


Actual Devices 


There are several one-shot ICs available in both the retriggerable and non-retriggerable 
Versions. The 74121 and 74L121 are single non-retriggerable one-shot ICs. The 74221, 
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triggerable one-shot ICs; the 74122 and 74LS122 


221 are dual non-re d 
sLS221, und MOE 123. 74LS123, and 74HC123 are dual retriggerable 


are single retriggerable one-shots. The 74 


-s| ICs. : ; ^ 
be on sed is a widely used non-retriggerable one-shot IC. It is constructed with logic 
gates at its inputs. Depending on how the external signal inputs are connected to these 
gates ihe monostable can be triggered by a LOW-to-HIGH or by a HIGH-to-LOW level 


Mono 8,592 shows the wiring diagram of the 74121 with connections to the external 
RC timing circuit. The truth table governing the operation and triggering of this device is 
shown in Fig. 8.59b. We see that the device can be triggered by a HIGH-to-LOW transition 
on input A, when the other inputs (A, and B) are HIGH, or by a HIGH-to-LOW transition 
on Ap when A, and B are HIGH. It can also be triggered by a LOW-to-HIGH transition 
on B when either A, or A; is LOW. Note that the AND gate incorporates a Schmitt trigger 


to provide sharp triggering from slowly varying inputs. The width of the output pulse 


A, A BINGO 
ues JE H 
x — iE OCS 

L H 
H H x L H 
H X HB n 
y wu H TL 
y o 4 T 
box 6) 
x E N 


(a) Wiring diagram showing connection of the external RC timing circuit (b) Truth table 


(c) ANSI/IEEE logic symbol 
Fig. 8.59 The 74121 non-triggerable one-shot iC. {1 


| 
| 
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produced by the 74121 is given by 
PW = (In DWRext Cent = 0.69R 


extCext 


Figure 8.59c shows the ANSI/IEEE logic symbol for the 74121 non-retriggerable IC 
one-shot. The qualifying symbol for a non-retriggerable monostable is a 1 followed by a 
single pulse. The qualifying symbol for a retriggerable monostable is a pulse. 

Figure 8.60 shows the wiring diagram and the truth table for one-half of the dual 
74123 retriggerable monostable multivibrator. Note that this version has a CLEAR 
input (CLR) which, when made LOW will cause an output pulse, already in progress. 
to be terminated. 1 


Vee o 

Chetan Bo QE 
L x x L H 
x H x È H 
x x L L H 
HOC WERE BE 
He nepos Hon Sozo Lf 
Sedi to bt bell endl 

(a) Wiring diagram for one-half of the 74123 dual monostable. (b) Truth table 


Fig. 8.60 Dual 74123 retriggerable one-shot. 


When C,,, > 1000 pF, the output pulse width is approximately given by 
ty = 0.28RegCen(1 + 0 7/ RS) 
IP €. 


‘xt is an electrolytic capacitor or if the CLR function is used, the manufacturer 
recommends that a diode be inserted between Rey and pin 15 (cathode to pin 15), and the 
coefficient 0.28 in the equation be changed to 0.25. 


Applications of Monostable Multivibrators 


Monostable multivibrators can be used for gating, creating time delays, generating a 
Sequence of pulses, and for detection of missing pulses, etc. ! 


Gating. In many digital systems, it is necessary to enable (disable) a logic gate to permit 
(stop) the passage of digital signals to another part of the system for a prescribed period 
of time. A monostable can be used to enable (or inhibit) logic gates for the necessary 
Periods of time. The Q (Q) output of the monostable is connected as one input to an AND 
ma ee other input is the clock signal. When a es Led is poet to ien 

nostable, its Q output goes HIGH for a ific period of time ing (disabling) 
^ND gate and del pong (esp) ue passage of the clock signal. 
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Monostables are widely used to deliver a pulse for a certain duration after the 
occurrence of another pulse, i.e. to create a prescribed time delay in delivering a pulse. For 
example, to delay a pulse of | us by 1 ms, the 1 ys pulse is applied as the triggering signal 
) and the Q output of the first one-shot is applied as the 
-shot (of t, = 1 ps). The output of the second one-shot 


Time delays. 


to the first one-shot (of ¢, = 1 ms 
triggering input to the second one 
is then a 1 us pulse delayed by 1 ms. 

Digital computer operations are often synchronized by sequences of pulses 


Synchronizing. 
] lines at different times. A sequence of N pulses can be 


that occur on different contro 
generated by using N one-shots. 

A retriggerable monostable can be used to detect a missing 
pulse or the cessation of pulses in a pulse train that is supposed to consist of a sequence 
of regularly recurring pulses. For this, the pulse width of the retriggerable monostable is 
set to between 1 and 2 periods of the pulse train. The pulse train continually re-triggers the 
monostable which never goes to the OFF state unless a pulse is missing or the pulse train ceases. 


Detection of missing pulses. 


8.13 ASTABLE MULTIVIBRATOR 


As the name indicates, an astable multivibrator is a multivibrator with no stable states. It has 
two states and both of them are quasi-stable. The moment it is connected to the supply it 
keeps on switching back and forth (oscillating) between its quasi-stable states. Hence, it is 
also called a free-running multivibrator. It is useful for providing clock signals to synchronous 
digital circuits. 

There are several types of astable multivibrators in common use. Some of them are 
presented here. 


Astable Multivibrator Using Schmitt Trigger 


Figure 8.61a shows how a Schmitt trigger INVERTER can be connected as an oscillator. 
The signal at oj, is an approximate square wave (Fig. 8.61b) that depends on the values 
of R and C. The relation between the frequency of oscillation and the RC product is shown 
in Fig. 8.61c for three different Schmitt trigger ICs. The maximum permitted value of R 
in each case is also given. The circuit will fail to oscillate if R is not kept below these limits. 


Ic Frequency 


7414 QO8/RC (R<500Q) . 
O08RC (RS2KQ) 


— 7 

s 7414 or 4V 74LS14 

— L equivalent 74HC14 12/RO (R<10 MA) 
C2100 pF Ov. en á 


@) (b) pc 


Fig. 8.61 Astable multivibrator using Schmitt trigger. "A 
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astable Multivibrator Using 555 Timer 


The 555 timer 1s a TTL compatible device that ca i i 

Figure 8.62 shows an astable multivibrator using the BS tins riim v die ien 
rectangular waveform that switches between two logic levels; the int ame UD 
logic level is determined by the values of R and C. The formulas for these in it Medi 

f and f and the overall period of the oscillations and the limiting valdes of We 
components are shown in Fig. 8.62. The capacitor C charges from Vec through R iid 
Ry with a time constant (R, + Rg)C. When the voltage across C ns AW, s the 
output goes LOW, and the capacitor starts discharging through Rg, with a time VERUM 


t, = 0.693 RC 

t, = 0.693(R, + RjC- 
frequency = 1/T Hz, T =t, +t, 
Duty cycle = t; /, 

RA 2 1kQ, (Ry + Ra) $6.6MQ 
C2500 pF 


ar 


Fig. 8.62 Astable multivibrator using 555 timer. 


R,C. When it discharges to (1/3)Vcc, the output goes HIGH. So, the output is LOW for 
t, and HIGH for t; and then this cycle repeats itself. With this arrangement, we can only 
get a square wave with more than 50 per cent duty cycle. Ag can be made very large 
compared to R, to get an approximate square wave (50 per cent duty cycle). A diode can 
be connected across Rp (with anode at pin 7 and cathode at pin 6) to get a perfect square 
wave output. Even a square wave with less than 50 per cent duty cycle can be obtained 


when Ry is shunted by a diode. 


Astable Multivibrator Using Inverters 


^ very simple astable multivibrator can be constructed using three inverters. The inverters 
are connected in cascade and the output of the third inverter is connected as the input to 
the first inverter as shown in Fig. 8.63a. Hence the circuit is called a ring oscillator. 

We know that the output of an inverter changes to the opposite state after a propagation 
delay when its input is changed. So, the signal at any point in this circuit changes state after 
a time equal to the sum of the propagation delays of the preceding gates and, therefore, a 
Square wave is generated. | 

If at time fọ V, goes from LOW to HIGH, V, will go from HIGH to LOW after a 
Propagation delay of one gate, V, will go from LOW to HIGH after a propagation delay of 
Wo gates, and P, ie, V, will go from HIGH to LOW after a propagation delay of three 


Te M 


a á— 
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Vx pontu. Vo 


(a) Logic diagram 


(b) Timing diagram 


Fig. 8.63 Astable multivibrator using only inverters. 


A major drawback of this circuit is that the frequency of the square wave cannot be 
controlled. It is difficult to determine the exact propagation delay of each logic gate and, 
therefore, the frequency of the square wave. It is possible to have some control over the 
frequency of the square wave by using timing elements such as resistors and capacitors. 

Figure 8.64 shows a simple, reliable, and highly flexible astable circuit. In this case, the 
frequency of oscillation is determined primarily by the resistor and capacitor timing 
components. Hence it is called an RC oscillator. The exact relationship between the 
oscillation frequency and the R and C components depends in part on the electrical 
characteristics of the logic gates. For the standard TTL family of components, a resistance 
of approximately 400 Q produces the relationship 


1 


f= Toc 
where C is measured in F and f in Hz. 
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Fig. 8.64 Astable multivibrator using R and C as timing components. — 


" fr 1 B ot 
Figure 8.65 shows an astable multivibrator using an AND gate and an inverter, Bolt 


the inputs to the AND gate ar it j i i 
mc g € shorted. So, it just provides a time delay equal to 


ay time of the gate and acts as a buffer. When the supply is switched on 
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Fig. 8.65 Astable multivibrator using an AND gate and an inverter. 


and as the capacitor is uncharged, the input to the inverter is 0 V. Therefore, its output 
is HIGH. Hence the output of the AND gate also goes HIGH. The capacitor now starts 
charging and when the voltage across it rises to a level which appears as a logic | to the 
inverter, the output goes LOW. Thus, the output of the AND gate also goes LOW. Now 
the capacitor starts discharging. When the voltage across it falls to a level which appears 
as a logic 0 to the inverter, the output of the inverter goes HIGH again. This cycle of 
events repeats itself, generating a square wave. 

Figure 8.66a shows an astable multivibrator using two inverters. The output of each 
inverter is coupled to the input of the other through a capacitor. The capacitive coupling 
networks prevent either inverter from having a stable state. If designed properly, the circuit 
will start oscillating on its own and require no initial input trigger. 


*Vcc 
c 
R Q 
rovs a 
a 
f7 ignc 2 fe 'i 
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Fig. 8.66 Astable multivibrator using CMOS inverters. 


Figure 8,66b shows another astable multivibrator circuit using inverters. The device 


used is IC 74HC04, CMOS inverter. il sate : j 
Figure 8.66c uses the IC 74HC04. Although this circuit can operate reliably, its 
frequency is not easily predictable. 


The advantage of using CMOS devices in astable multivibrators is that, they have a 


much higher i i t of their TTL counterparts. hia, charagtenstic 
gher input impedance than tha le than that of TTL 


makes the performance of CMOS multivibrators more predictable than that 1 
designs—in the sense that CMOS multivibrators are less sensitive to variations in device 
characteristics. 


Astable Multivibrator Using Op-amps 


. Assuming that the maxim imum 
XQ. capacitor C continually 


Figure 8.67 shows an astable multivibrator using an op-3 
Positive and negative outputs of the comparator are 


358 Fundamentals of! Digital Circuits 


(a) uae 
Fig.8.67 Astable multivibrator using op-amp. 


charges and discharges towards those values, and so, the output of the circuit will be a 
square wave with a period 

R 
R + R 


T = 2RC In (25) gj where J = 


8.14 CRYSTAL-CONTROLLED CLOCK GENERATORS 


A clock generator is a source for the square wave that synchronizes operations in digital 
systems. Some clock generators produce a reasonably sharp square wave, such as an astable 
multivibrator and others produce sinusoidal or rounded outputs that can be shaped by 
Schmitt triggers or clipping circuits. The term astable multivibrator is usually reserved for 
circuits whose operation depends on the charging and discharging of a capacitor, whereas 
an oscillator refers to any unstable system whose output continually changes value. 

Many clock generators employ a crystal as the frequency sensitive component. Crystals 
are available in a wide range of frequencies and are more stable than inductor/capacitor 
networks. Crystal-controlled oscillators have good frequency stability, i.e. they generate 
signals whose frequency is less likely to drift. Also, since crystal-controlled oscillators 
produce signals whose frequencies equal their crystal frequency, they are predictable. The 
frequency stability is particularly important in applications where the frequency serves as 
a time reference. For example, in digital watches. 

Figure 8.68a shows a simple quartz crystal oscillator using TTL 7404 inverters. The 
capacitor in parallel with the crystal is a trimming capacitor which allows very slight 
frequency adjustments. 

Figure 8.68b shows a popular crystal-controlled clock generator constructed by using 
TTL 7404 inverters. Although the oscillations produced by this design are not perfectly 
square, the output is generally adequate for TTL synchronizing and triggering functions. 


controls the gain and is usually between 300 Q and 1.5 kQ. The optimum value of 


The 7414 hex Schmitt trigger inverter can also be used. The value of R in the E M 
af > 
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R R 
Q 
graos 001 F 17404 
Crystal 
(a) () 


Fig. 8.68 Crystal clock generator using TTL inverters. 


depends on the type of the crystal used and its frequency. If R is too low or too high, the 
generator may oscillate at a harmonic of the crystal frequency and thus have a smaller 
amplitude. This design has been used to produce clock frequencies from about | MHz to 
20 MHz. 

Figure 8.69 shows two crystal-controlled oscillators constructed with inverters from 
74HC04 CMOS hex inverters. As in the TTL circuit of Fig. 8.68, the oscillation frequencies 
may be sensitive to the values of R used. A typical value for R in Fig. 8.69a is 100 kQ but 
it may have to be specially selected to prevent oscillations at a harmonic frequency. The 100 
pF capacitor suppresses the spurious high frequency oscillations in the 30 MHz to 50 MHz 
range. The resistor in Fig. 8.69b is of the order of 1-5 MQ and the circuit will oscillate 
for crystal frequencies up to about 9 MHz. 


Crystal 


granos 
(b) 
Fig. 8.69 Crystal clock generator using CMOS inverters. 


EXAMPLE 811 Calculate the frequency and duty cycle of the 555 astable multivibrator 
Output for 


C -001pF,  R,-10kQ and Rg = 50 kQ. 
Solution 


t, = 0.693R,C = 0.693 x 50 x 10° x 0.01 x 105 = 346.5 us 
ty = 0.693(Ry + Rg)C = 0.693 x 60 x 10° x 0.01 x 105 = 415.8 us 


360 Fundamentals of Digital Circuits 
t + = (346.5 + 415.8) us = 762.3 us 


T= 
PO e. ee ah 
Í^T 7623us 

ty _ 4158 Z 54.6% 


Duty cycle = F ^ 7623 


astable multivibrator using the 555 timer to generate a square 


EXAMPLE 8.12 Design an 
ycle. 


wave of 2 kHz frequency with 5096 duty c 


Solution 
e 555 timer, a diode is connected across Rp (see Fig. 8.62), 


i wave using thi i ff i 
trogen when C is charging and opens when C is discharging. 


such that it conducts and shorts Rg 


Therefore, 

t, = 0.693RgC 

ty = 0.693R4C 
As t,= t, therefore, — RA = Rg 

aporudie sdt 
As f= 2 kHz, therefore, T 2 kHz 0.5 ms 
2 gies lies 
Hence, npe DE 0.25 ms 
025 x 10? 
Le R,=2kQ, therefore, c= — ~ = 018 
i 5 T 0.693 x 2 x 10° s 


EXAMPLE 8.13 Design an astable multivibrator using the 555 timer to generate a square 
wave of 5 kHz with 70 per cent duty cycle. 


Solution 
MoH 
Tu xz 
f^ 5kH 0.2 ms 
tı = 0.693R,C = 0.3 x 0.2 = 0.06 ms 
ty = 0.693(R, + RC = 0.7 x 0.2 = 0.14 ms al 
T Jp 
Let C - 5000 pF, therefore, Ra L9: 10 5 M ME 
0.693 x 5000 x 107 
-3 
Ry + Ro LL AX 10 sti e 


0.693 x 5000 x 102 ^ 
Therefore, R, = 404 - 17.25 = 23.15 KQ 


Flip-Flops and Timing Circuits 361 

EXAMPLE 8.14 For the astable multivibrator using the o 
R = 10kQ, C= 001 pF and R, 

It is desired to make the frequency of the outp 


through 100 kHz by making R, adjustable. Through 
adjustable to obtain the required frequency range? 


p-amp shown in Fig. 8.67, 
-5kQ. 

mer wave adjustable from 10 kHz 

what range of values should R; be made 

Solution 


The period of the output square wave must range from 


T= re 0.1 m 1 
10 kHz ^. *, MS flue cir umi lyin 
We know that, T = 2RC In (24) s, where f = Ri 
1-B RE 
Therefore, 
T-10*5s-2x10x10 x 091 x 1951 [157 
1-4 
1+2 -4 
or In (5) = 10 = 
1-5)" 2x1 xoorxio* ^ 99 
1-5 
or CORTE EUR NM 
1-5 e 1.6487 
R; 5kQ 
or = 0059: tci ees 
2 Ri +R, SKQ+R, 
or R, = 15 KQ 
Again, s 1 & i - : 
T=10's=2x10xiexooxiotin(F) o. 
Mg ema bas siddud A qoia 
1+8 as 3 rats. vri don.s > jar = bw 
or in( )- 10 = " 
T xcu Cao 25 ie v 
1-2, ^ gy onore pem del : n 
Pung O ai X-2 ns wA e 
a m TETTE g cg past oT y 
1-8 505 = 1.05 do om ai &.0 = | gof-gil A4 swt « 
MEENET 4 I bow TILAN vi 
or R, "5 a E 
P= 10.025 H tes Sa sj asigyot gel T alt « 
d Rt Ro, ST NECS T Os al» 


R, = 192 KQ raz si | = O bas TRAMA 0 


H 
ence the range of Ry must be 1S kQ through 122 KQ n 
í D ab te eem ti smiat yahi 


sol) qu 
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SUMMARY 


ement; it can store a 0 or a l. 
as a bistable multivibrator. It has two stable states, 
allel-to-serial and 


op is the basic memory el 
known more formally 
data storage, counting, frequency division, par 


e A flip-fl 
e A flip-flop is 
e Flip-flops are used for 
serial-to-parallel data conversion, etc. 
An unclocked flip-flop is called a latch, because the output of the flip-flop latches on 
to a 1 or a 0 immediately after the input is applied. 

called asynchronous latches and clocked (but not edge- 
lled synchronous latches. 

ss-coupled NAND gates or NOR gates. 


e Non-gated latches are 

triggered) latches are ca 

A latch is constructed using two cro 

e A latch may be an active-HIGH latch or an active-LOW latch. 

e The NOR gate S-R latch is an active-HIGH S-R latch. 

e The NAND gate S-R latch is an active-LOW S-R latch. 

The clocked D latch is called a transparent D latch, because its output follows the 

input when the clock is HIGH. 

Flip-flops may be level-triggered or edge-triggered. 

e The level-triggered flip-flops are those which respond to changes in inputs when the 
clock is HIGH. The edge-triggered flip-flops are those which respond only to inputs 


present at the transition of the clock pulse. 
e Edge triggering is also called dynamic triggering. 
e The J-K flip-flop is the most versatile and most widel 
e T flip-flops are not widely available as commercial items. 
e PRESET and CLEAR inputs may be active-LOW or active-HIGH. 


e PRESET and CLEAR inputs are asynchronous inputs. They override all other inputs. 
They are also called DC SET, and DC RESET or DC CLEAR, or Direct SET (Sp) and. 


Direct RESET (Rp). 
. A triangle at the clock input terminal of a flip-flop indicates that it is a positive edge- 
triggered flip-flop. A bubble and a triangle at the clock input terminal of a flip-flop 
indicates that it is a negative edge-triggered flip-flop. 
e No symbol at the clock input terminal of a flip-flop indicates that it is level-triggered. - 
e For an SR flip-flop, S = 0, R = 0 is no change, 5 = 1, R = 0 is SET, S = 0, 
R = 1 is RESET, and = 1, R = 1 is invalid. 
e Fora J-K flip-flop, J = 0, K = 0 is no chan = -0i = E 
Í i ge J = 1, K = 0 is SET, J = 0, K E 
is RESET, and J = 1, K = 1 is the toggle mode. 
e The T flip-flop toggles, i.e. it goes to the opposite state after each clock pulse. 
e ina D flip-flop, the input is transferred to the i ied. D = 
0 is RESET and D = 1 is SET. cu oe M : 


e Due to wiring between components, a clock i 
g bety " pulse may undergo varying degr 
delay before it arrives at the flip-flops. It is called Esc uM - 


y used of all the flip-flops. 


enne 
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e The master-slave flip-flop is made up of two 
developed to make synchronous operation of fli 


ge when the clock is HIGH. If 


; ut co; i 
inputs present before the clock pec. responding to the last combination of 


e Data lock-out flip-flops are nothin 
aereo E g but master-slave 
e A master-slave flip-flop is recognized b; 
i y the postponed output symb i 
d Tibe OA ol 
Q terminals. No dynamic indicator symbol is provided at the € ders 7 s 
k 


A data lock-out type flip-flop will have 
" i i Q 
terminals and a dynamic indicator ede do te sordo 
E rs interval between the application of a triggering edge e asynchronous i 
and t e output actually making a transition is called the propagation delay of a fi m 
€ ri a hi the control levels need to be maintained constant s Ea 
erminals of a flip-flop, prior to the arrival of the triggeri 
pulse, fog the reliable operation of the flip-flop is called poema Seinen 
The minimum time for which the control signals need to be maintained dete at thi 
input tegi ofa flip-flop, after the arrival of the triggering edge of the clock e 
‘ 1 Me bu the flip-flop to respond reliably is called the hold time. j 
he highest frequency at which a flip-flo i i is 
Wr o p-flop can be reliably triggered is called the 


* Any one type of flip-flop can be converted t idi i 
combinational circuit. men rag ues Weg Si A 
e ^ Schmitt trigger inverter is used to convert a slowly varying waveform to a square wave. 
e monostable multivibrator has only one stable state. It i à 'e-shoi ; 
single-shot or monostable. - dio eene e 
* A monostable can be used for gati iding tim s, generating : uence ce of. 
gating, providing time delays, generating a f 
pulses, and for detection of missing Mad 3 PR SPUREN Pa 
s i ondi gor uodo tub won sliders ei 
; bi are two basic types of IC one-shots—retriggerable and non-retriggerable. —— 
É n astable multivibrator has no stable states. It does not require any triggering signal - 
, or its operation. It is also called a free-running multivibrator. ^ — 
An astable multivibrator can be used as à master oscillator to provide clock pulses. 
USE Sn SIRE". qop & A i 


dise: & Site botaioo2»s 


flip-flops in which the master is 


aih a boilqqa es amma) griwollot wd eus] Mf 


QUESTIONS srl qub (e) 
Disti P À d debsb -aonageqoio tu) 
VoM between combinational and sequential switching circuits. wey (> 
M is meant by stable state? — " : ST iba k š 
at d £ ruler} a homaro j goby 2-1 a^ sem w £ 
we i you mean by (a) a latch, an (b) a gated | latch? - —— E 
o you build a latch using universal gates? simah qU inann vi wW BE 
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25. 


29. 


30. 


What is an active-HIGH latch and an active-LOW latch? 

Distinguish between synchronous and asynchronous latches. 

What is the normal resting state of SET and CLEAR inputs in a NAND gate S-R latch? 
What is the active state of each input? 

Name the two types of inputs which a clocked flip-flop has. 

Why is a gated D latch called the ‘transparent’ latch? 

List the different types of latches and flip-flops. Name the applications of each type. 
How does a J-K flip-flop differ from an S-R flip-flop in its basic operation? What is 
its advantage over an S-R flip-flop? 

Describe the main difference between a gated S-R latch and an edge-triggered S-R 
flip-flop. 

What do you mean by a level-triggered flip-flop? How does it differ from an edge- 
triggered flip-flop? 

What J, K condition will always set Q upon the occurrence of the active CLK 
transition? 

Explain why the S and R inputs of an edge-triggered S-R flip-flop affect Q only during 
the active transition of CLK. 

Describe the differences between the pulse-triggered and edge-triggered flip-flops. 
Suppose that the D input of a flip-flop changes from LOW to HIGH in the middle of 
a clock pulse. Describe what would happen if the flip-flop is a positive edge-triggered 
type, a pulse-triggered type. 

Can a D flip-flop respond to its D and CLK inputs while PRE = 1? 

What do you mean by toggling? 

Which is the most versatile flip-flop? Which flip-flop is preferred for data transfer? 
Why are asynchronous inputs called overriding inputs? 

What is a master-slave flip-flop? Discuss its working. 

What is the major restriction when operating a pulse-triggered flip-flop? 

What do you mean by (a) clock skew, and (b) time race? 

Symbolically, how is a data lock-out flip-flop distinguished from a pulse-triggered flip-flop? 
What do you mean by a flip-flop with data lock-out? How does it differ from a normal 
master-slave flip-flop? 

Typically, a manufacturer’s data sheet specifies four different propagation delay times 
associated with a flip-flop. Name and describe each of them. 

Define the following terms as applied to flip-flops. 

(a) set-up time (b) hold time 


(c) propagation delay (d) maximum clock frequency 


(e) power dissipation 

How must a J-K flip-flop be connected to function as a divide-by-two element? How. 
many flip-flops are required to produce a divide-by-64 device? 

What is meant by dynamic triggering? 


8.1 


8.2 
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How do you convert one type of flip-flop into another type? 

What is the difference between the retriggerable and non-retriggerable one-shots? 

Describe the operation and applications of monostable multivibrators, astable 

multivibrators, bistable multivibrators, and Schmitt trigger inverter? 

Explain the difference in operation of a monostable and a astable multivibrator. 

What are the advantages of the crystal clock generator? 

State TRUE or FALSE: 

(a) The CLK input will affect the flip-flop output only when the active transition of 
the control input occurs. 

(b) The SET input can never be used to make Q a 0. 

(c) A J-K flip-flop can be used as an S-C flip-flop, but an S-C flip-flop cannot be used 
as a J-K flip-flop. 

(d) The Q output of a D flip-flop will equal the level at the D input at all times. 

(e) A D latch is in its transparent mode when EN is a 0. 


(f) Synchronous data transfer requires less circuitry than that required by 
asynchronous transfer. 
(g) Why are MOS inverters preferred over TTL inverters in making astable multivibrators? 


PROBLEMS 


If the waveforms shown in Fig. 8.70 are applied to an active-HIGH S-R latch which 
is in the RESET state, draw the output waveform. 


Fig. 8.70 


If the waveforms shown in Fig. 8.71 are applied to an active-LOW Secus bien 
is in the RESET state, draw the output waveform. 


| 
| 
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own in Fig. 8.72 are applied to (a) a positive edge-triggered S-R 


8.3 The waveforms sh 
S-R flip-flop, and (c) a master-slave S-R flip- 


flip-flop, (b) a negative edge-triggered 
flop. Draw the output waveform in each case. 


Fig. 8.72 


8.4 The waveforms shown in Fig. 8.73 are applied to (a) a positive-edge-triggered J-K 
flip-flop, (b) a negative edge-triggered J-K flip-flop, and (c) a master-slave J-K flip- 


flop. Draw the output waveform in each case. 
h i j 


CLK 


« 


Fig. 8.73 


8.5 ‘The input signals shown in Fig. 8.74 are applied to a positive edge-triggered J-K 
master-slave flip-flop with active-LOW PRESET and CLEAR. Draw the output waveform. 


D s MANSIT E 


a b : 


CLR ET Eo 


Fig. 8.74 


Flip-Flops and Timing Circuits 367 


8.6 The waveforms shown in Fig. 8.75 are applied to a negati -tri i 
flop with active-HIGH PRESET and CLEAR. Draw ur pn Mr es S-R flip- 


l| NN 


x y 
P q 
Fig. 8.75 


8.7 The following serial data are applied to the flip-flop shown in Fig. 8.76. Determine the 
resulting serial data that appears on the Q output. There is one clock pulse for each 
bit time. Assume that, Q is initially 0. The rightmost bits are applied first. 


J, = 10110110 J, = 12011001 
K, = 10010110 K, = 11011011 


8.8 Design an astable multivibrator using the 555 timer to generate a sq wave of 5 kHz 
with 40 per cent duty cycle. ^ ^ a 0 a rri e CO 

8.9 For the astable multivibrator using an op-amp as shown in Fig. 8.67, R = 20 kQ, 
C = 0.05 uF and R, = 10 KQ. It is desired to m : the frequency of the output square 


wave adjustable from 15 kHz through 150 kHz aad R Fans e. Through what 
va ; W T à mb ee : 1 
Lope zinen 


range of values should R, be qu ag 
we Diod 2C OE 


8.10 Determine the values of Reg and c 
: connected to a 74123 as shown in | `i hard ulib Sic anaya fide ibaie 
.11 Design a one-shot using the 555 timer to generate a pulse of width 1 ms. 


wat 


a 
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SHIFT REGISTERS 


9.1 INTRODUCTION 


Data may be available in parallel form or in serial form. Multi-bit data is ss to be in parallel 
form when all the bits are available (accessible) simultaneously. The data is said to be in serial 
form when the data bits appear sequentially (one after the other, in time) at a single terminal. 
Data may also be transferred in parallel form or in serial form. Parallel data transfer is the 
simultaneous transmission of all bits of data from one device to another. Serial data transfer is 
the transmission of one bit of data at a time from one device to another. Serial data must be 
transmitted under the synchronization of a clock, since the clock provides the means to 
specify the time at which each new bit is sampled. b i 

As a flip-flop (FF) can store only one bit of data, a 0 ora 1, it is referred to as a single- 
bit register. When more bits of data are to be stored, a number of FFs are used. A register 
is a set of FFs used to store binary data. The storage capacity of a register is the number 
of bits (1s and Os) of digital data it can retain. Loading a register means setting or resetting 
the individual FFs, i.e. inputting data into the register so that their states correspond to the 
bits of data to be stored. Loading may be serial or parallel. In serial loading, data is 
transferred into the register in serial form, i.e. one bit at a time, whereas in parallel loading, 
the data is transferred into the register in parallel form meaning that all the FFs are triggered 
into their new states at the same time. Parallel input requires that the SET and/or RESET 
controls of every FF be accessible. 

A register may output data either in serial form or in parallel form. Serial output means 
that the data is transferred out of the register, one bit at a time serially. Parallel output means 
that the entire data stored in the register is available in parallel form, and can be transferred 
out at the same time. 

Shift registers are a type of logic circuits closely related to counters. They are used 
basically for the storage and transfer of digital data. The basic difference between a shift 
register and a counter is that, a shift register has no specified sequence of states except Wn 
certain very specialized applications, whereas a counter has a specified sequence of states- 

A shift register is a very important digital building block. It has innumerable 
applications. Registers are often used to momentarily store binary information appearing at 
the output of an encoding matrix. A register might be used to accept input data from am 
alphanumeric keyboard and then present the data at the input of a microprocessor chip. 
Similarly, shift registers are often used to momentarily store binary data at the output of a 

1a 
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decoder. A shift register also forms the basis 
operations. For example, the operations of compl 
are frequently implemented by means of a Tegister. A shift regi 

E iste 
to form a number of different types of counters, These Hum he ils Puer 
advantages Some very distinct 


Some registers do nothing more than storing a bin word. 
simplest of registers. It simply stores the bina pop 
buffer. Most of the buffer registers use D flip 


terminals. On the application of clock pulse, the ou 


applied at the input terminals, i.e. the input word is loaded into the regi ‘nati 
of clock pulse. Tegister by the application 
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E some very important arithmetic 
entation, multiplication, and division 


9.2 BUFFER REGISTER 


buffer register is the 
ry word. The buffer may be a controlled 
r u -flops. 

Figure 9.1 shows a 4-bit buffer register. The binary word to be stored is applied to the data 


tput word becomes the same as the word 


Fig. 9.1 Logic diagram of a 4-bit buffer register. 


When the positive clock edge arrives, the stored word becomes 


Qs Q; Q: Qi = X, X X; X, 
or 


Q-X 


This circuit is too primitive to be of any use. What it needs is some control over the X bits, 
^*. some way of holding them off until we are ready to store them. 


9.5 CONTROLLED BUFFER REGISTER 


e 9.2 shows a controlled buffer register. If CLR goes LOW, all the FFs are RESET 
nd the output becomes, Q = 0000. : 
0 When CLR is HIGH, the register is ready for action. LOAD is the control input. When 
of D is HIGH, the data bits X can reach the D inputs of FFs. At the positive-going edge 
© next clock pulse, the register is loaded, i.e. 


Q0 QQ-XXXX oF Q=X 


a, m 
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CLK 
Fig. 9.2 Logic diagram of a 4-bit controlled buffer register. 


When LOAD is LOW, the X bits cannot reach the FFs. At the same time, the inverted 1 


signal LOAD is HIGH. This forces each flip-flop output to feed back to its data input. a 
Therefore, data is circulated or retained as each clock pulse arrives. In other words, the 
contents of the register remain unchanged in spite of the clock pulses. Longer buffer registers 
can be built by adding more FFs. 

Figure 9.3a shows the symbol for a controlled buffer register. X is the word to be loaded 
and Q is the stored word. When LOAD is LOW, Q is frozen, i.e. Q does not change in spite 
of changing X bits and arrival of clock pulses. Only when LOAD is HIGH, can the next 
positive clock edge load X into the register. 


x 
LOAD 
L CLK 
CLR 
Q 
(a) qo for controlled (b) Symbol for buffer register 
ler register with three-state output 


Fig. 9.3 Logic symbols of buffer registers. 


d = Sir with three-state output is required, if the buffer output is to be connected 
mmon bus. Here the output of the register can be floating or can have the word availa 
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at the output terminals. Figure 9.3b shows the 


A À symbol of a buffe i i e! 
output. Let the ENABLE signal be an active-HIGH signal. Then, ima m wor. 


the word stored by the register is avail; i 
LOW, the output terminals are S REM DU E 


9.4 DATA TRANSMISSION IN SHIFT RECISTERS 


ym connected together such that data may be shifted into and shifted out 
iniserial fet ENSE disent Data may be shifted into or out of the register either 
der d allel form. So, there are four basic types of shift registers: serial- 
"ee v in, parallel-out; parallel-in, serial-out; and parallel-in, parallel-out. 

process of data shifting in these registers is illustrated in Fig. 94. All of these 


(a) Serial-in, serial-out, shift-right, shift register (b) Serial-in, serial-out, shift-left, shift register 


Parallel data input 


Serial 
data 
input 
Parallel data output 
i Parallel 
(c) Serial-in, parallel-out, shift register (d) Parallel-in, togas a register 
Parallel data input 
=U 


P 


in out 
out in 


(e) Parallel-in, serial-out, shift register (f) Serial-in, serial shift-left, shift-ric 
(bidirectional) shin oe 
(9) Rotate-right shift register (h) Rotate-left shift register 


Fig. 9.4 Data transfer in registers. 
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vailable as TTL MSI/LSI circuits. Data may be rotated 
d from left to right or right to left at will, i.e. in a 
serially (in either way) or in parallel and 


configurations are commercially a 
left or right. Data may be shifte à 
bidirectional way. Also, data may be shifted in 
shifted out serially (in either way) or in parallel. 


9.5 SERIAL-IN, SERIAL-OUT, SHIFT REGISTER 
This type of shift register accepts data serially, i.e. one bit at a time, and also outputs data 


serially. nay: i e> ail 
The logic diagram of a 4-bit serial-in, serial-out, shift-right, shift register is shown 


in Fig. 9.5a. With four stages, ie. four FFs, the register can store up to four bits of data. 
Serial data is applied at the D input of the first FF. The Q output of the first FF is connected 


to the D input of the second FF, the Q output of the second FF is connected to the D input 


of the third FF and the Q output of the third FF is connected to the D input of the fourth 


FF. The data is outputted from the Q terminal of the last FF. 
When serial data is transferred into a register, each new bit is clocked into the first FF 


at the positive-going edge of each clock pulse. The bit that was previously stored by the 
first FF is transferred to the second FF. The bit that was stored by the second FF is 
transferred to the third FF, and so on. The bit that was stored by the last FF is shifted out. 
Figures 9.5 and 9.6 illustrate this process to store the data bits 0101 in the register. 
Initially all the FFs are reset, ie. Q, = 0, Q, = 0, Q; = 0 and Q, = 0. 
The rightmost bit 1 is applied at the D, input of FF}. At the positive-going edge of the 
first clock pulse, this 1 is shifted into FF, and all other FFs store their respective bits at 


the D inputs. Therefore, 
Q, = 1,Q@=0,Q,=0 and Q, = 0, after the first clock pulse. 


Then a 0 is applied at the D, input of FF}. At the positive-going edge of the second 
clock pulse, this 0 is shifted to Q, of FF, and the D inputs of all other FFs are also shifted 
to their respective outputs. Therefore, 


Q, = 0, Q, = 1, Q; = 0, and Q, = 0, after the second clock pulse. 


Then a 1 is applied at the D, input of FF,. At the positive-going edge of the third clock 
pulse, this 1 is shifted to Q, of FF, and the D inputs of all other FFs are also shifted to 
their respective outputs. Therefore, 


Qı = 1, Q; = 0, Q; = 1, and Q, = 0, after the third clock pulse. 


Then a 0 is applied at the D, input of FF,. At the positi i 

a O is ay A positive-going edge of the fourth clock. 
puis fica tas ifie bou o RE and thie Di i in 
respective outputs. Therefore, i cD ipe M Em 


Q, = 0, Q; = 1, Q; = 0, and Q, = 1, after the fourth clock pulse. 


This completes the serial entry of 0101 into the 4-bit register. Figure 9.7 shows * 


pe diagram of the loading of serial input 0101 into the 4-bit serial-in, serial-out, SAI 


Shift Registers 373 


Serial input 4 
d 0 Serial output 


Serial input 9 
0 Serial output 


Serial input 4 


Serial input 0 
S O Serial output 


(d) After the third clock pulse (1010) 


Serial input 0 


(e) After the fourth clock pulse (0101) 
Fig. 9.5 Loading of the 4-bit serial-in, serial-out, shift register. 


In this example, we have assumed that initially all the FFs are reset, altho initi 
states have no effect on the loading of new data. The initial states end It d inr che 
bits are effectively shifted out of the register in serial form at Q, as the new bits are shi 
in at Q,. Since four bits must be shifted into the register, the time required to load Piera 

: s 
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Fig. 9.6 Shifting in the data 0101 serially. 
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SerialInput ^ 


Fig. 9.7 Timing diagram showing the loading of the serial input 0101 into the 
4-bit serial-in, serial-out, shift register. 


the total time between four clock pulses. If the clock continues beyond that time, the bits are 
shifted out serially at Q4. 

The shifting out of the stored data 0101 serially from the register is illustrated in Fig. 9.8. 
It requires four clock pulses to shift out the 4-bit stored data. Note that the shift register 
is a synchronous device. All the FFs are clocked simultaneously. Level-triggered FFs cannot 
be used here. Edge-triggered or master-slave FFs are used to avoid timing problems. 


After clock pulse Serialinput Q, Q, Q; Q, 
0 0 D so. an 1 (initial states) 
1 TRES ow Xo 
2 O.*0 0 0 1 | d 
3 OGD wap To Otbsf) m 
ii — ^o 0 0 0 (final states) 2 ad 


Fig.9.8 Shifting out the data 0101 serially. 
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A shift register can also be constructed using J-K FFs or S-R FFs as shown in 
Figs. 9.9a and 9.9b, respectively. The data is applied at the J (S) input of the first FF. The 
complement of this is fed to the K (R) terminal of the first FF. The Q output of the first 
FF is connected to J (S) input of the second FF, the Q output of the second FF to J (S) 
input of the third FF, and so on. Also, Q, is connected to K, (R;), Q, is connected to K, (Rs), 
and so on. 


(b) Using S-R FFs 
Fig. 9.9 A 4-bit serial-in, serial-out, shift register. 


Figure 9.10 shows the functional diagram and the logic symbol of an 8-bit shift register, 
which uses master-slave S-R FFs. Note that the register has two inputs labelled A and B. 
If the serial input is connected to A, it will be loaded into the register only if B is high, and 
vice versa. This gating allows one of the inputs to serve as a control. When it is HIGH, 
the serial input on the other line is enabled and when it is LOW, the serial input is inhibited. 


(a) Functional diagram 


: & 
CLK —pc à, 
(b) Logic symbol 
Fig. 9.10 The 7491A 8-bit serial-in, serial-out, shift register. 


Figure 9.11 shows the logic diagrams of a 4-bit serial-in, serial-out, shift-left, shift 
register. 
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Serial input 


(b) Logic diagram 


Fig. 9.11 A 4-bit serial-in, serial-out, shift-left, shift register. 


9.6 SERIAL-IN, PARALLEL-OUT, SHIFT REGISTER 


Figure 9.12 shows the logic diagram and the logic symbol of a 4-bit serial-in, parallel-out, 
shift register. In this type of register, the data bits are entered into the register serially, but 
the data stored in the register is shifted out in parallel form. 

Once the data bits are stored, each bit appears on its respective output line and all bits 
are available simultaneously, rather than on a bit-by-bit basis as with the serial output. The 
serial-in, parallel-out, shift register can be used as a serial-in, serial-out, shift register if the 
output is taken from the Q terminal of the last FF. a 


Data input 


7$ 6 


(a) Logic diagram 
Data input 
SRG4 
CLK > 
Q, Qs Qc Qs 
(b) Logic symbol 


Fig. 9.12 A 4-bit serial-in, parallel-out, shift register. 
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g-Bit Serial-in, Parallel-out, Shift Register 


Figure 9.13 shows the logic diagram and the logic symbol of an 8-bit serial-in, parallel-out, 
shift register. In the logic diagram, A and B are the gated serial inputs. Suppose that the 
serial data is connected to A, then B is used as a control line. When B is held HIGH, the 
NAND gate is enabled and the serial input data after passing through the NAND gate is 
inverted. The input data is shifted serially into the register. When B is held LOW, the NAND 
gate output is forced HIGH, the input data stream is inhibited and the next positive clock 
transition will shift a 0 into the first FF. Each succeeding positive clock transition will shift 
another 0 into the register. After eight clock pulses, the register will be full of Os. This 
register also has an active-LOW asynchronous clear input that can be used to reset every 
FF in the register. 


CA [3 


Serial inputs 


Q, Qs Qe Q, A QF Qg Qy 
(b) Logic symbol 
Fig. 9.13. An 8-bit serial-in, parallel-out, shift register. _ 


9.7 PARALLEL-IN, SERIAL-OUT, SHIFT REGISTER 


For a parallel-in, serial-out, shift register, the data bits are entered simultaneously into iheir 
respective stages on parallel lines, rather than on a bit-by-bit basis on one line as with serial 
data inputs, but the data bits are transferred out of the register serially, i.e. on a bit-by-bit basis 
over a single line. " 

Figure 9.14 illustrates a 4-bit parallel-in, serial-out, shift register using D FFs. There are 
four data lines A, B, C, and D through which the data is entered into the register in parallel 
form, The signal ShifULoad ailows (a) the data to be entered in parallel form into th 
register and (b) the data to be shifted out serially from Eramaa , . 

When Shift/Load line is HIGH, gates G,, Gz, and G; are disabled, but gates G,, Gs, and 
G, are enabled allowing the data bits to shift-right from one stage to the next. When Shift’ 
Load line is LOW, gates Ga Gs, and G, are disabled, whereas gates G,, G,, and G, are 
enabled allowing the data input to appear at Po LAS SES ee yee a 
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(a) Logic symbol 


Fig. 9.14 A 4-bit parallel-in, serial-out, shift register. 


clock pulse is applied, these data bits are shifted to the Q output terminals of the FFs and, 
therefore, data is inputted in one step. The OR gate allows either the normal shifting 


operation or the parallel data entry depending on which AND gates are enabled by the level 
on the Shift/Load input. 


The 74165 8-Bit Parallel-in, Serial-out, Shift Register 


Figure 9.15 shows the internal logic diagram and the logic symbol of the 1C74165 shift 
register. The 74165 is an example of an IC shift register, that has parallel-in, serial-out 
operation. It can also be operated as a serial-in, serial-out, shift register. 


A LOW on the Shift/Load (SH/LD) input enables all the NAND gates for parallel loading. 
When an input data bit is.a 1, the FF is asynchronously SET by a LOW output of the upper 
gate. When an input data bit is a 0, the FF is asynchronously RESET by a LOW output 
of the lower gate. The clock is inhibited during parallel loading. A HIGH on the SH/LD input 
enables the clock, causing the data on the register to shift-right. Data can be entered serially 
on the SER input. Also, the clock can be inhibited any time with a HIGH on the CLK A 
input. The serial data outputs of the register are Qu and its complement Qu To load a shift 
register in parallel, it is necessary that at least one control input (SET or RESET) from each 
FF be accessible externally. When loading data, the SET and RESET functions are always — 


complement of each other. So, most parallel-in registers use only a single control input for 
each FF and use an internal inversion to generate the other. 


SHILD SEGA Qs 
SER 
CLK INH à, 
CLK 
(b) Logic symbol 


Fig.9.15 The 74165 8-bit parallel-in, serial-out, shift register. 


9.8 PARALLEL-IN, PARALLEL-OUT, SHIFT REGISTER 


In a parallel-in, parallel-out, shift register, the data is entered into the register in parallel form, 
and also the data is taken out of the register in parallel form. Immediately following the 
simultaneous entry of all data bits, the bits appear on the parallel outputs. 

Figure 9.16 shows a 4-bit parallel-in, parallel-out, shift register using D FFs. Data is 
applied to the D input terminals of the FFs. When a clock pulse is applied, at the positive- 
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stored data will shift right synchronously with the clock. The J and K 

A and K j i 
to the first stage of the register (Q4). The Qp can be used for Eon p E Le 
active-LOW CLR is asynchronous. These can be used to control the state of the fmt (Q,) 
FF in the same way that J and K control a clocked J-K FF, except that K is active-LOW 


going edge of that pulse, the D inputs are shifted in to the Q outputs of the FFs. The register 
now stores the data. The stored data is available instantaneously for shifting out in parallel 


form. 


The 74195 4-Bit Parallel-in, Parallel-out, Shift Register 


9.9 BIDIRECTIONAL SHIFT REGISTER 


Figure 9.17 shows the internal logic diagram and the logic symbol of the 74195, a 4-bit 
paraliel-in, parallel-out, shift register. Since it also has a serial input, it can be used for serial- 
in, serial-out, and serial-in, parallel-out operations. It can be used for parallel-in, serial-out 


operation by using Qp as the output. 


A bidirectional shift register is one in which the data bits i 1 i 

A ee its can be shifted from ‘eft to right 
Figure 9.18 shows the logic diagram of a 4-bit serial-in, serial-out, bidirectional (shift- 

left, shift-right) shift register. Right/Left is the mode signal. When Right/Left is a 1, the 

logic circuit works asa shift-right shift register. When Right/Left is a 0, it works as a shift- 

left shift register. The bidirectional operation is achieved by using the mode signal and two 

AND gates and one OR gate for each stage as shown in Fig. 9.18. 


Parallel inputs 


Serial inputs 


D,o 


Right / Leftot-129—1 — f] 


Parallel outputs Lj 


(a) Logic diagram 
8.8 Fig. 9.18 Logic diagram of a 4-bit bidirectional shift register. 


. A HIGH on the Right/Left control input enables the AND gates G,, G}, G;, and G, and 
disables the AND gates Gs, Ge Gy, and Gs, and the state of Q output of each FF is passed 
through the gate to the D input of the following FF. When a clock pulse occurs, the data bits 
are then effectively shifted one place to the right. A LOW on the Right/Left contro! input enables 
the AND gates Gs, Ge, Gy, and Gg and disables the AND gates G}, G» Gs, and G4, and the 
Q output of each FF is passed to the D input of the preceding FF. When a clock pulse occurs, 
the data bits are then effectively shifted one place to the left. Hence, the circuit works as a 
bidirectional shift register. 


Serial} J 
inputs} K 


(b) Logic symbol 
Fig. 9.17 The 74195 4-bit parallel-in, parallel-out, shift register. 


9.10 UNIVERSAL SHIFT REGISTERS 


A universal shift register is a bidirectional register, whose input can be either in serial form 

or in parallel form and whose output also can be either in serial form or in parallel form. 
Figure 9.19a shows the logic diagram of the 74194 4-bit universal shift register. Note that 

the output of each FF is routed through AOI logic to the stage on its right and to the stage 


The S S i 
z = "s ces is used to select either the loading of the register in parallel form 
E. ata stored in the register in serial form to the right. The AOI logic at! 
— is used to implement the SH/LD function and supply the inverted inputs 10 | 
P se S | resets. When the SH/LD input is LOW, the data bits on the parallel inputs | 
entered synchronously on the positive transition of the clock. When the SH/LD input is HIG 
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Shift-left 
? serial input 


Parallel outputs 


Parallel inputs 


Fig.9.19 The 74194 4-bit universal shift register. 
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(b) Truth table 


(a) Logic diagram 


Shift-right | 
serial input 
CLR o 
CLK o 
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on its left. The mode control inputs S, and S, are used to enable the left-to-right 
connections when it is desired to shift-right, and the right-to-left connections when it is 
desired to shift-left. 

The truth table (Fig. 9.19b) shows that no shifting occurs when S, and S, are both 
LOW or both HIGH. When Sg = S, = 0, there is no change in the coments of the register, 
and when S, = S, = 1, the parallel input data A, B, C and D are loaded into the register 
on the rising edge of the clock pulse. The combination S, = S, = 0, is said to inhibit the 
loading of serial or parallel data, since the register contents cannot change under that 
condition. The register has an asynchronous active-LOW clear input, which can be used to 
reset all the FFs irrespective of the clock and any serial or parallel inputs. 


9.11 DYNAMIC SHIFT REGISTERS 


All the shift registers we have discussed till now are called static shift registers, because 
each one of the memory elements (i.e. FFs) used to build the register can retain the data 
bit indefinitely. So, once loaded, the contents of each element of the register remain the 
same. In a dynamic shift register, storage is accomplished by continually shifting the bits 
from one stage to the next and re-circulating the output of the last stage into the first stage. 
The data continually circulates through the register under the control of a clock. To obtain 
output, a serial output terminal must be accessed at a specific clock pulse, otherwise, the 
sequence of bits will not correspond to the data stored. 

For example, if a 32-bit word is circulating through a 32-bit register, serial output must be 
given at multiples of 32 clock pulses. To store new data in such a register, the re-circulation 
path between the last stage and the first stage is intercepted and the new data is loaded serially 
into the first stage. 

Since each stage of a dynamic shift register needs to retain a bit only for a time equal to 
one clock period, it is not necessary that each stage of the shift register be a FF. In particular, 
dynamic shift registers are constructed using dynamic inverters. The clock pulses cause bits to 
be transferred from one inverter stage to the next, by transferring the charge stored on the 
inherent capacitance of the MOS devices. This design requires the use of a clock, having 
certain minimum frequency to ensure that the capacitance does not fully discharge between 
the ‘refresh’ cycles. The main advantages of dynamic MOS registers are their small power 
consumption and simplicity, which permits a very large number of stages to be fabricated on 
a single IC. Their disadvantage is that all data transfer must be in serial form, which is much 
slower than parallel data transfer. we 

Dynamic MOS registers are widely used as memory devices in digital systems that operate 
on serial data, Because of their small power consumption and the inherent slowness of the 
serial systems, they are used in applications where power consumption and physical size are 
more important considerations than speed, such as in pocket calculators. In the context of 
memory applications, loading a register is called writing into it and taking an output from 
it is called reading. 

Figure 9.20 shows the logic diagram and the truth table for the 2401 dual 1024-bit 
dynamic N-MOS shift register. It has a write/re-circulate (W/R) control, that is used to 
govem whether new serial data is written (loaded) into the register or whether the existing 
data is re-circulated (stored) by the register. When W/R is HIGH, AND gate 3 is enable’ 
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Fig.9.20 One-half of the 2401 dual 1024-bit dynamic NMOS shift register. .— d» 


1 


and the serial input is transferred through it to the register. When W/R is LOW, AND gate 4 | 
is enabled and a re-circulation path from output to input is completed. Serial data appears | 

at the output, regardless of the state of W/R. The circuit also has two active-LOW chip- E i 
select inputs, labelled CS, and CS,. Both CS, and CS, must be LOW in order to read or — 
write data. Note, however, that re-circulation is independent of CS, and CS,, and re- g 
circulation is also independent of W/R if at least one of the chip-selects is HIGH. — € a 


9.12 APPLICATIONS OF SHIFT REGISTERS 


Time Delays 


In many digital systems, it is necessary to delay the transfer of data until such j 
operations on other data have been completed, or to synchronize the arrival of 
subsystem where it is processed with other data. A shift register can be used to delay th 
of serial data by a specific number of clock pulses, since the number of stages corres| 
the number of clock pulses required to shift each bit completely through the register TE 
time delay can be controlled by adjusting the clock frequency and by prescribing the 

of stages in the register. In practice, the clock frequency is fixed and the total delay € 
adjusted only by controlling the number of stages through which the data is p s 
using a serial-in, parallel-out register and by taking the serial output at amy o 
intermediate stages, we have the flexibility to delay the output by any number of. 
pulses equal to or less than the number of stages in the register. The arrangement 
in Fig. 9.12 can be used to delay the data by 4 clock pulses. md 


aui 
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serial/Parallel Data Conversion 


we know that data can be available either in serial form or in parallel form. Transfer of data 
in parallel form is much faster than that in serial form. Similarly, the processing of data is 
much faster when all the data bits are available simultaneously. For this reason digital 
systems in which speed is an important consideration, are designed to operate » data in 
parallel form. When large data is to be transmitted over long distances, transmitting data on 
parallel lines is costly and impracticable. It is convenient and economical to transmit data 
in serial form, since serial data transmission requires only one line. Shift registers are used 
for converting serial data to parallel form, so that a serial input can be processed by a 
parallel system and for converting parallel data to serial form, so that parallel data can be 
transmitted serially. 

A serial-in, serial-out, shift register can be used to perform serial-to-parallel conversion, 
and a parallel-in, serial-out, shift register can be used to perform parallel-to-serial conversion. 
A universal shift register can be used to perform both the serial-to-parallel and parallel-to- 
serial data conversions. A bidirectional shift register can be used to reverse the order of 
data. The arrangement shown in Fig. 9.12 can be used for serial-to-parallel conversion of 
a 4-bit data. The arrangement shown in Fig. 9.14 can be used for parallel-to-serial 
conversion of a 4-bit data, 


Ring Counters 


Ring counters are constructed by modifying the serial-in, serial-out, shift registers. There 
are two types of ring counters—basic ring counter and Johnson counter. The basic ring 
counter can be obtained from a serial-in, serial-out, shift register by connecting the Q 
output of the last FF to the D input of the first FF. The Johnson counter can be obtained 
from a serial-in, serial-out, shift register by connecting the Q output of the last FF to the 
D input of the first FF. Ring counter outputs can be used as a sequence of synchronizing 
pulses. The ring counter is a decimal counter. It is a divide-by-N counter, where N is the 
number of stages. The keyboard encoder is an example of the application of a shift 
register used as a ring counter in conjunction with other devices. 

Ring counters are dealt within detail in Chapter 10. Figure 10.86 (Section 10.11) 
illustrates the use of the shift register as a ring counter. Figure 10.90 (Section 10.11) 
illustrates the use of the shift register as a twisted ring counter. 


Universal Asynchronous Receiver Transmitter (UART) — 


Computers and microprocessor-based systems often send and receive data ‘in a parallel 
format. Frequently these systems must communicate with external devices that send 
and/or receive serial data. An interfacing device used to accomplish. e conversions 
is the UART. a i rm o 

A UART is a specially designed integrated git suit that contains all the registers and 
Synchronizing moo s dh to receive data in serial form and to convert and 
transmit it in parallel form and vice versa. Figure 9.21.shows the use of UART as an 


interfacing device. 
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Fig. 9.21 UART as an interfacing device. 


9.15 ANSI/IEEE STANDARD SYMBOLS 


The qualifying symbol that identifies a shift register is SRGn, where n is the number of bits. 

For example, SRG4 and SRG8 identify 4-bit and 8-bit shift registers, respectively. 

Figure 9.22a shows the symbol for an 8-bit serial-in, parallel-out, shift register, i.e, 

74HC164. The arrow indicates that shifting occurs from left-to-right, i.e. from Q; towards { 

Qu. The CLR and CLK are the inputs to the control block. All eight bits are clocked 

simultaneously. The R at the CLR input indicates that clearing is independent of the clock. 

If the clearing is clock-dependent, it is indicated by IR at the CLR input. Inputs A and B 

are ANDed to create the clock-dependent data input ID. 
In ANSI/IEEE notation, the letter D is alwa 


ys used to represent input data to a storage 
element. The noninverting symbol at the 


CLK terminal indicates that the bits are shifted ] 


Synchronously on the leading edge of the clock. 


(a) Logic symbol of 
74HC164 


(b) Logic symbol of 
74194 


(c) Function table showing modes of 
74194 
Fig. 9.22 IEEE/ANSI Symbols. 
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Mode Dependency 


Shift registers like other digital devices are often designed so that they can be operated in 
one of several modes, under the control of one or more binary inputs. The S; and S, inputs 
to the 74194 universal shift register shown in Fig. 9.22b, determine whether it is shifted 
right, shifted left, or loaded in parallel as given by the function table of Fig. 9 22c. M$ 
indicates that there are four modes indicated by 0, 1, 2, and 3. The numeral 4 is used to 
represent clock dependency. The R at the CLR terminal indicates that CLR is asynchron- 
ous. If CLR is synchronous, it is indicated by 4R. Shift-right serial input (SR SER) has 
mode dependency 1,4D, meaning that the input data is accepted at that point when in mode 
| and that the data (D) is clock dependent (synchronous), i.e. loaded synchronously. 
Similarly, shift-right serial input (SL SER) shift-left serial input data has mode 
dependency 2 and clock dependency 4, meaning that the input data is accepted at that point 
when in mode 2 and that the data is clock dependent. Parallel inputs A, B, C, and D w 
mode-dependency 3 and clock-dependency 4, meaning that parallel data is inputted at A, : 
C, and D synchronously. The symbol 1 > /2 — at the clock terminal indicates that npe 
shifting occurs in mode | and left shifting occurs in mode 2. The two CLK lines are 
in the symbol only to separate the clock and mode dependencies. 


SUMMARY 


e Data is said to be in serial form if the bits are available nnum 
* Data is said to be in parallel form if the bits are available — bs 
* A flip-flop can store only one bit of data, a 0 or a 1. So, a flip-flop is called a single- 

bit register. t 

i i binary data. 

* A register is a set of FFs used to store m 
* The registers which are used to simply store "e data are v oni regisi 
* A register in which shifting of data takes place is called a = i M ac bei: 
* A shift register has no specified sequence of states except in some 

applications. j ; d phis 
* Transfer of data into and out of shift registers may take place either in serial 

in parallel form. ; y y h megse 
* Ina serial-in, serial-out, shift register, data is en » serially, that is one bi 

on a single line and data is also shifted out ig y. M mdi aiino 
* Ina serial-in, parallel-out, shift d is fed in seria 

in parallel form, that is all bits at a time. : dio P ont 
* Ina parallel-in, serial-out, shift register, data is fed in, in parallel 

in serial form. y : ; 

A i shifted out in parallel 

* Ina parallel-in, parallel-out, shift register, data is both fed in and 

form, 


15. 
16. 
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In a bidirectional shift register, data can be shifted from left-to-right or right-to-left. 


In a universal shift register, data can be shifted from left-to-right or right-to-left and 
also data can be shifted in or shifted out in serial form or in parallel form. 


A shift register using FFs is called a static shift register. 
In a static shift register, data stored is stationary. 
Dynamic shift registers are made up of MOS inverters. 


In a dynamic shift register, storage is accomplished by continually shifting data from 
one stage to the next and re-circulating the output of the last stage into the first stage. 


Dynamic MOS registers are used in applications where power consumption and space 
are more important than speed as in pocket calculators. 


Shift registers are used in digital systems to provide time delays. They are also used 
for serial/parallel data conversion and in construction of ring counters. 


QUESTIONS 


What do you mean by (a) serial data and (b) parallel data? 

Why is a FF called a single-bit register? What does the ‘state’ of a FF indicate? 
What is a register? What is a shift register? 

What are the various types of shift registers? 

What is a serial-in, serial-out, shift register? 

What is a parallel-in, serial-out, shift register? 

What is a serial-in, parallel-out, shift register? 

What is a parallel-in, parallel-out, shift register? 

What is a bidirectional shift register? 

What is a universal shift register? 

What are the applications of shift registers? 

What is the basic difference between a counter and a shift register? 
What do you understand by the following? 


(a) Buffer register (b) Controlled buffer register 


(d) Static shift register 
What is mode dependency? What is clock dependency? 
Where are dynamic MOS registers used? 


(c) Dynamic shift register 


With neat diagrams, explain the working of the following types of shift registers: 
(a) Serial-in, serial-out, (b) Serial-in, parallel-out € 


(c) Parallel-in, serial-out (d) Parallel-in, parallel-out 
(e) Bidirectional shift registers. 


Chapter 10 


COUNTERS 


10.1 INTRODUCTION 


A digital counter is a set of flip-flops (FFs) whose states change in response to pulses 
applied at the input to the counter. The FFs are interconnected such that their combined 
state at any time is the binary equivalent of the total number of pulses that have occurred 
up to that time. Thus, as its name implies, a counter is used to count pulses. A counter can 
also be used as a frequency divider to obtain waveforms with frequencies that are specific 
fractions of the clock frequency. They are also used to perform the timing function as in 
digital watches, to create time delays, to produce non-sequential binary counts, to generate 
ulse trains, and to act as frequency counters, etc. 
1 Counters may be nndis Es counters or synchronous counters. Asynchronous 
counters are also called ripple counters. The ripple counter is the simplest type of cum 
the easiest to design and requires the least amount of hardware. In ripple counters, the FFs 
within the counter are not made to change the states at exactly the same time. ae a 
because the FFs are not triggered simultaneously. The clock does not S wie 
time at which every stage changes state. An asynchronous counter uses T | » pation 
a counting function. The actual hardware used is usually J-K FFs eger in togg! > 
ie. with Js and Ks connected to logic 1. Even D FFs may be used be init opal 
The asynchronous counter has à disadvantage, insofar as the unwant vat 
concerned. This limitation is overcome in parallel counters. The eigo io DNE 
called ripple counter because when the counter, for example, quis m Cin Mi dud 
first stage causes the second to flip, the second causes the third to Run an Pipes VU 
the fourth to flip, and so on. In other words, the transition of the dt repe 4 
to the last stage. In doing so, many intermediate stages are briefly en vip Bac lcm qe 
that will AND during any state, a brief spike will be seen at the "T | or series counters. 
counter goes from 1111 to 0000. Ripple counters are also called ute PRA RN 
Synchronous counters are clocked such that each FF in the counter des M. exa 
time. This is accomplished by connecting the clock line (o cseh Sage Mi nm ot 
Synchronous counters are faster than asynchronous counters, because the jussu 


delay involved is less. eee omiiia. Ded T TT 
1 Snr ma maet ar a dnce. trea dm 
counts in the upward direction, ie. 0, 1, 2, 5, M. A down" Each of the counts 


counts in the downward direction, ie. N, N - l, V - 2, - Phot 
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of the counter is called the state of the counter. The number of states through which the 
counter passes before returning to the starting state 1s called the modulus of the counter, 
Hence, the modulus of a counter is equal to the total number of distinct states (counts) 
t a counter can store. In other words, thc number of input pulses that 
causes the counter to reset to its initial count is called the modulus of the counter. Since 
a 2-bit counter has 4 states, it is called a mod-4 counter. It divides the input clock signal 
frequency by 4, therefore, it is also called a divide-by-4 counter. It requires two FFs. 
Similarly, a 3-bit counter uses 3 FFs and has 2° = 8 states. It divides the input clock 
frequency by 23, ie. 8. In general, an n-bit counter will have n FFs and 2” states, and 
divides the input frequency by 2". Hence, it is a divide-by-2" counter. 

A counter may have a shortened modulus. This type of counter does not utilize all the 
possible states. Some of the states are unutilized, i.e. invalid. The number of FFs required 
to construct a mod-N counter equals the smallest n for which N € 2". A mod-N counter 
divides the input frequency by M, hence, it is called a divide-by-N counter. In an 
asynchronous counter, the invalid states are bypassed by providing a suitable feedback. In 
a synchronous counter, the invalid states are taken care of by treating the corresponding 
excitations as don't cares. The least significant bit (LSB) of any counter is that bit which 
changes most often. In ripple counters, the LSB is the Q output of the FF to which the 
external clock is applied. 

A counter which goes through all the possible states before restarting is called the full 
modulus counter. A counter in which the maximum number of states can be changed is 
called the variable modulus counter, The final state of the counter sequence is called the 
terminal count. 


including zero tha 


Lock-out 


In shortened-modulus counters, there may occur the problem of lock-out. Sometimes when 
the counter is switched on, or any time during counting, because of noise spikes, the 
counter may find itself in some unused (invalid) state. Subsequent clock pulses may cause 
the counter to move from one unused state to another unused state and the counter may 
never come to a valid state. So, the counter becomes useless. A counter whose unused 
states have this feature is said to suffer from the problem of lock-out. To ensure that, at 
‘start-up’ the counter is in its initial state, external logic circuitry is provided which properly 
resets each FF. The logic circuitry for presetting the counter to its initial state can be 
provided either by obtaining an expression for reset/preset for the FFs or by modifying the 
design such that the counter goes from each invalid state to the initial state after the clock 
pulse. So, no don’t cares are permitted in this design. 


Combination of Modulo Counters 


appropriate number of FFs and providing proper feedback. Counters of different mods can 
be combined to get another mod counter. For example, a mod-2 counter and a mod-* 
counter can be combined to get a mod-10 counter; a mod-5 counter and a mod-4 counter 
can be combined to get a mod-20 counter, and so on. The connection between the individual 
counters may be a ripple connection, or the counters may be operated in synchronism with 


A single FF is a mod-2 counter. We can have a counter of any modulus by choosing P4 
5 
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one another independently of whether the individual counters are ripple or synchronous. 
Further, we are at liberty to choose the order of the individual counters in a chain of 
counters. Such permutations will not change the modulus of the composite counter but may 
well make a substantive difference in the code in which the counter state is to be read. 


40.2 ASYNCHRONOUS COUNTERS 


Two-bit Ripple Up-counter Using Negative Edge-triggered 
Flip-Flops 


The 2-bit up-counter counts in the order 0, 1, 2, 3, 0, 1,..., ie. 00, 01, 10, 11, 00, 
Ol,...,etc. Figure 10.1 shows a 2-bit ripple up-counter, using negative edge-triggered J-K 


(a) Logic diagram (b) Timing diagram 
Fig. 10.1 Asynchronous 2-bit up-counter using negative edge-triggered flip-flops. 


FFs, and its timing diagram. The counter is initially reset to 00. When the first clock pulse 
is applied, FF, toggles at the negative-going edge of this pulse, therefore, Q, goes from LOW 
to HIGH. This becomes a positive-going signal at the clock input of FF,. So, FF; is not 
affected, and hence, the state of the counter after one clock pulse is Q} = 1 and Q, = 0, 
ie. 01. At the negative-going edge of the second clock pulse, FF, toggles. So, Q, changes 
from HIGH to LOW and this negative-going signal applied to CLK of FF, activates FF,, and 
hence, Q, goes from LOW to HIGH. Therefore, Q, = 0 and Q; = 1, i.e. 10 is the state of 
the counter after the second clock pulse. At the negative-going edge of the third clock pulse, 
FF, toggles, so, Q, changes from a 0 to a 1. This becomes a positive-going signal to FF), 
hence, FF; is not affected. Therefore, Q, = 1 and Q, = 1, i.e. 11 is the state of the counter 
after the third clock pulse. At the negative-going edge of the fourth clock pulse, FF, toggles. 
So, Q, goes from a 1 to a 0. This negative-going signal at Q, toggles FF;, hence, Q also 
changes from a 1 to a 0. Therefore, Q; = 0 and Q; = 0, i.e. 00 is the state of the counter 
after the fourth clock pulse. For subsequent clock pulses, the counter goes through the 
same sequence of states. So, it acts as a mod-4 counter with Q, as the LSB and Q, as the 
MSB. The counting sequence is thus 00, 01, 10, 11, 00, O1,...,ete. 


Two-bit Ripple Down-counter Using Negative Edge-triggered 
Flip-flops 


A 2-bit down-counter counts in the order 0, 3, 2, 1, 0, 3,..., ie. 00, 11, 10, 01, 00, 11, 
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etc. Figure 10.2 shows a 2-bit ripple down-counter, using negative-edge triggered J-K 


FFs, and its timing diagram. 


(b) Timing diagram 


(a) Logic diagram 
Fig. 10.2 Asynchronous 2-bit down-counter using negative edge-triggered flip-flops. 


For down counting, Q, of FF, is connected to the clock of FF). Let initially all the FFs 
be reset, ie. let the count be 00. At the negative-going edge of the first clock pulse, FF, 


toggles, so, Q, goes from a 0 to a 1 and Q, goes from a | to a 0. This negative-going 


signal at Q, applied to the clock input of FF,, toggles FF, and, therefore, Q, goes from 
a 0 to a 1. So, after one clock pulse Q, = | and Q, = 1, i.e. the state of the counter is 
11. At the negative-going edge of the second clock pulse, Q, changes from a 1 to a 0 and 


Q, from a 0 to a 1. This positive-going signal at Q, does not affect FF, and, therefore, 
Q, remains at a 1. Hence, the state of the counter after the second clock pulse is 10. At | 
the negative-going edge of the third clock pulse, FF, toggles. So, Q; goes from a 0 toa 


land Q, from a | to a 0. This negative-going signal at Q, toggles FF, and, so, Q, changes 
from à | to a 0. Hence, the state of the counter after the third clock pulse is 01. At the 
negative-going edge of the fourth clock pulse, FF, toggles. So, Q, goes from a | to ad 


and Q, from a 0 to a l. This positive-going signal at Q, does not affect FF. So, ! 
remains at a 0. Hence, the state of the counter after the fourth clock pulse is 00. For 
subsequent clock pulses the counter goes through the same sequence of states, ie: 1 
counter counts in the order 00, 11, 10, 01, 00, and 11... 


ot ie 
Two-bit Ripple Up/Down Counter Using Negati 3 sate 
Flip-Flops g Negative Edge-triggered 5 

o 


As the name indicates, an up/down counter is a counter which can count both in upward E 
and downward directions (Fig. 10.3). An up/down counter is also called a di 
backward counter or a bidirectional counter. So, a control signal or a mode signal M is 
required to choose the direction of count. When M = 1 for up counting, Q, is trans itted n 


to clock of FF; and when M = 0 for down counting, Q, is transmitted to cloc 


c ; k of FF 
This is achieved by using two AND gates and one OR gate as shown in Fig. 10; 
external clock signal is applied to FF). - J 


Clock signal to FF, = (Q, - Up) + (Q, - Down) = QM + QM a 
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Fig. 10.3 Logic diagram of a 2-bit ripple up/down counter using negative edge-triggered 
flip-flops. s 


Two-bit Ripple Up-counter Using Positive Edge-triggered 
Flip-flops 


A 2-bit ripple up-counter, using positive edge-triggered J-K FFs, and its timing diagram are 
shown in Fig. 10.4. The Q, output of the first FF is connected to the clock of FF,. The 
external clock signal is applied to the first flip-flop FF,. The FF, toggles at the positive-going 


edge of each clock pulse and FF, toggles whenever Q, changes from a 0 to a 1. State 
transitions occur at the positive-going edges of the clock pulses. The counting sequence is 
00, 01, 10, 11, 00, 01, ..., etc. 


(b) Timing diagram 


(a) Logic diagram 


Fig. 10.4 Asynchronous 2-bit up-counter using positive-edge triggered flip-flops. 


Two-bit Ripple Down-counter Using Positive Edge-triggered 
Flip-Flops 


^ 2-bit ripple down-counter, using positive edge-triggered J-K FFs, and its timing diagram 
are shown in Fig, 10,5. The in of the first FF is connected to the clock of FF;. 
The external clock signal is applied to FF,. The FF, toggles at the positive-going edge of 
cach clock pulse. The FF, toggles whenever Q, changes from a 0 to a 1. The counting 
Sequence is 00, 11, 10, 01, 00, 11,... etc. ef un 


394 Fundamentals of Digital Circuits 


(a) Logic diagram (b) Timing diagram 
Fig. 10.5 Asynchronous 2-bit down-counter using positive edge-triggered flip-flops. 


Two-bit Ripple Up/Down Counter Using Positive Edge-triggered 
Flip-flops 


Figure 10.6 shows a 2-bit ripple up/down counter using positive edge-triggered J-K FFs. 
When M = 1 for up counting, Q, is transmitted to the clock of FF, and when M = 0 for 
down counting, Q; is transmitted to the clock of FF,. This is achieved by using two AND 
gates and one OR gate as shown in Fig. 10.6. 


Clock signal to FF, = (Q, - Up) + (Q; - Down) = Q,M + QjM 


Fig. 10.6 ree diagram of a two-bit ripple up/down counter using positive edge-triggered 
ip-flops. 


10.3 DESIGN OF ASYNCHRONOUS COUNTERS 3 
- design an asynchronous counter, first write the counting sequence, then tabulate the 
values of reset signal R for various states of the counter and obtain the minimal ex 


for R or R using K-map or an i 
R y other method. Provid R 
all the FFs after the desired count. ei A 


ide 


Design and implement a mod-6 asynchronous counter using T Free 


: pt counter has six stable states 000, 001, 010, O11, 100, and 101. When the $ ixth 
clock pulse is applied, the counter temporarily goes to 110 state, but immediately resets 9 


EXAMPLE 10.1 


Solution 
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000 because of the feedback provided, It is a ‘divide-by-6 counter’, in the sense that it 
divides the input clock frequency by 6. It requires three FFs, because the smallest value 
of n satisfying the condition N < 2" is n = 3; three FFs can have eight possible states, out 
of which only six are utilized and the remaining two states 110 and 111, are invalid. If, 
initially the counter is in 000 state, then after the first clock pulse it goes to 001, after the 
second clock pulse it goes to 010, and so on. After the sixth clock pulse it goes to 000. 

For the design, write a truth table (Fig. 10.7(c)] with the present state outputs Qi Qz 
and Q, as the variables, and reset R as the output and obtain an expression for R in terms 


CLK 


0 0.0 0 0 

1 D 0,1 0 

2 0 1 0 0 

3 ü. ee 0 

4 d 10 80i 0 

5 1 03,1 0 

6 1180 1 
yyy 

0 0 0 0 

7 "rd 0 

t 

(c) Table for R 


(b) Timing diagram 
Fig. 10.7 Asynchronous mod-6 counter using T flip-flops (Example 10.1). 


of Q, Qs, and Q,. That decides the feedback to be provided. From the truth table, R = 


QQ). For active-LOW reset, R is used. The reset pulse is of very AND xiatioh. of the 
order of ns and it is equal to the propagation delay time of the NA a ss as 


expression for R can also be determined as follows. 
is amin cia 101, R = | for 110, and R = X for 111 80r pr 
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Therefore, 


R = Q,0,0, + QQQ = QQ: 


The logic diagram, the timing diagram, and the table for R of a mod-6 counter are all 
shown in Fig. 10.7. From the timing diagram it is seen that a glitch appears in the waveform 


of Qz- 
EXAMPLE 10.2 Design and implement a mod-10 asynchronous counter using T FFs, 


Solution 


A mod-10 counter is a decade counter. It is also called a BCD counter or a divide-by-10 
counter. It requires four FFs (the smallest value of n satisfying the condition 10 < 2", is 
n — 4). So, there are 16 possible states, out of which ten are valid and the remaining six 
are invalid. The counter has ten stable states, 0000 through 1001, i.e. it counts from 0 to 
9. The initial state is 0000 and after nine clock pulses it goes to 1001. When the tenth clock 
pulse is applied, the counter goes to state 1010 temporarily, but because of the feedback 
provided, it resets to initial state 0000. So, there will be a glitch in the waveform of Q, as 
may be seen in the timing diagram (see Fig. 10.9). The state 1010 is a temporary state for 


After Count 

pulses  Q, Q, Q Q, 
0 0.000 
1 0. apo 1 
2 Oo o o 
3 o R. D ct 
4 De 17090 
5 0:7 130 74 
6 CN con UU 
7 Ou 1771. at 
8 15207 710 70 
9 a> tO 4 
10 0000 


(b) K-Map 


(a) Count table 


! (c) Logic diagram p 
Fig. 10.8 Asynchronous mod-10 counter using T flip-flops (Example 10.2. — 
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which the reset signal R = 1, R = 0 for 0000 to 1001, and R = X (don't care) for 1011 
to 1111. 

n The count table and the K-map for reset are shown in Fig.10.8(a) and 10.8(b), 
respectively. From the K-map, R = Q4Q;. So, feedback is provided from second and fourth 
FFs. For active-HIGH reset, Q,Q, is applied to the CLEAR terminal. For active-LOW reset, 


Q,2 is connected to CLR of all the FFs. The logic diagram of the decade counter is shown 


in Fig. 10.8(c) and its timing diagram without considering propagation delay is shown in 
Fig. 10.9. 


Fig. 10.9. Timing diagram of a mod-10 counter without considering propagation delay 
(Example 10.2). 


10.4 EFFECTS OF PROPAGATION DELAY IN RIPPLE COUNTERS 


In ripple counters, each FF is toggled by the changing state of the preceding FF. ES 
FF can change state until after the propagation delay of the FF that precedes it, i.e. until 
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x aplete their transitions. This delay accumulates as we proceed through 
SS. This will have a detrimental effect on the operation of the ripple counter. 
For a decade counter or a 4-bit counter, all the FFs change states when the count goes from 
Otit to 1000. So, after the eighth clock pulse is applied, Q, will not change state 
instantaneously, but goes from a 1 to a 0 after a propagation delay of t. Qz changes state 
after another propagation delay time of 2s. Q; changes state after 3t and Q; changes 
state after 41,4. The timing diagram considering propagation delays is shown in Fig. 10.10. 


CLK 
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m: 


there is à possibility that the first FF responds to the new clock pulse before the 
clock pulse has effected transition of the fourth FF. When the last FF finally res} 
counter may read 1001 having skipped 1000. Thus the count goes directly fr 

1001. If the clock frequency is so high that it is possible for the clock pulse to chan 
state of the first stage, before the state changes caused by the previous clock p 
nppled through to the last stage, then a count will be skipped. Thus it is ob i 


propagation delays in the FFs of a rippl i imi 
the counter can be clocked. vic comntes poar ro freq f 


[o 
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If Te is the period of the clock pulse, n the number of stages and 1,, the propagation 
delay i each stage, then the clock frequency fo is constrained by 5 


Ap L Te 


Suppose Te = 0.1 ps, ie. fc = 1/(0.1 ps) = 10 MHz and suppose fy = 0.05 pis, the 
timing diagram would then be as shown in Fig. 10.11, Here skipping of states occur. The 
count 1000 is not reached at all as shown in Fig. 10.11. 


0.1 ps, 


CLK 


Q, >t 


? b j 92 L.! * 
Fig. 10.14 Timing diagram of a ripple counter showing skipping of states. 
EXAMPLE 10. Implement a 3-bit ripple counter using D ee 


Solution 


fpa 


) php bapao E (Db Oe 


For ripple counters, the FFs used must bi in toggle mode. The DFF nd be used in toggle 
mode by connecting the Q of each FF to its D terminal. The 3-bit ripple counter using D 


FFs is shown in Fig. 10.12. i230 OMNGODSO. 20r 


Fig. 10,12 Logic diagram of 
(Exampl i 
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Cascading of Ripple Counters 


Ripple counters can be connected in cascade to increase the modulus of the counter, A 
mod-M and a mod-N counter in cascade give a mod-MN counter. While cascading, the 
most significant stage of the first counter is connected to the toggling stage of the second 
counter. Some examples of counters in cascade are shown in Fig. 10.13(a). 

The order of cascading does not affect the frequency division, however, the duty cycle 
of the most significant output may depend on the order in which the counters are cascaded. 
Mod counters are often constructed by cascading lower modulus counters because of the 
availability of certain standard modulus counters in IC form. Figure 10.13(b) shows the 


logic diagram of cascaded ripple counters. 


60 Hz 4Hz 
Mod-6 Mod-10 


MOD-6 counter 
71 


(b) Logic diagram of cascaded ripple counters 


Fig. 10.13 Ripple counters. 


10.5 DECODING OF RIPPLE COUNTERS 


Leg’ a are in binary form. To determine the decimal equivalent of the 
Scie A pim In many digital applications it is necessary that some or all 
rr pet iss ; The decoding of a counter involves using decoders or logic ga 
network generates N Vien d is in a certain state or states in its sequence. The de 
puce, cime p a mod-N counter) different outputs, each of which det 
pest o E of one particular state of the counter. The decoder outputs can 
g produce either a HIGH or a LOW level when the detection occurs. An acl 
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»codei duces HIGH outputs to indi Š 
{1GH decoder pro yee p o indicate detect TT 
produces LOW outputs to indicate detection. SHON. An SRN LOW crit 
Figure 10.14(a) shows a binary-to-decimal decoder used with a 2-bit ri 
1 ; -Dit 
four AND gates produce high output in succession for each of the Miles pe 
S counts 


CTROIV 10 Q^ 4 


ax | 


(c) A basic decade counter and decoder 
with strobing to eliminate glitches 


(b) A basic decade counter and decoder 
Fig. 10.14 Asynchronous 2-bit up counter with decoder gates. 


0, 1, 2, 3 corresponding to states 00 (Q-Q), 01 (QQ), 10 (QQ and 11 (Q,Q,). This 
Is active HIGH dogodio eae acüve-LOW decoding, NAND gates are used in place of AND 
eae The. waveforms in Fig. 10.15 indicate that one and only one decoder output is high 
ved given time, These waveforms correspond to active-HIGH decoding. These 
SA are ideal in the sense that they ignore the effects of propagation delay. — 
"m E 10.16 shows the actual decoder waveforms that result when the propagation 
E E the 2-bit ripple counter are taken into account. The propag ‘delays of the AND 
có neglected. The propagation delays owing to the ripple effect in asynchronous 
direi ec transitional states in which the counter outputs are changing at slightly 
(elena imes. These transitional states produce undesired voltage spikes of short duration 
es on the outputs of a decoder). We see that glitches occur in the Dy and Dy 


be too narrow to create | 
tri, devices, the 


VBHeM xii to 
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D, = 0,0, 


D, = 2,0, 


D, = Q,0, 


D, = Q,Q, 


Fig. 10.15 Decoder waveforms without considering the propagation delays. - 


of a deglitched output to the width of a clock pulse, which causes gaps to appear 0 
decoder outputs. One way to eliminate the glitches, is to enable the decoded outp 
time after the glitches have had time to disappear. This method is known as strobi 
can be accomplished by using the LOW level of the clock to enable the decod 

10.14(b) shows the logic diagram of a basic decade counter and decoder. Figure 7 
shows the logic diagram of a basic decade counter and decoder with strobing to €! 
glitches. rn 
EXAMPLE 104 A binary ripple counter is required to count up to 16,383jo: 
FFs are required? If the clock frequency is 8.192 MHz. what is the frequency at 
of the MSB? 


1 
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Fig. 10.16 Decoder waveform considering the propagation delays. 


Solution 


The number of FFs 7 is to be selected such that the number of states N < 2". With n FFs 
the largest count possible is 2" — 1. Therefore, 2 


2" = 1 = 16383 
or 


n = log, 16,384 = 14 
So, the number of FFs required is 14. 


Ga, 
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Frequency at the output of last stage is 


. _ fe _ 8192 MHZ . 500 Hz 
ANCIEN T 16,384 


gation delay in each FF will a 10-bit 


Y j ini f propa 
EXAMPLE 10.5 For what minimum value o | 
ripple counter skip a count when it is clocked at 10 MHz? 
Solution | 
For a state change to ripple through all 7 stages, Tc = bya: Therefore, the clock frequency 4 
is constrained by | 
1 l A 
m7 ta 
Therefore, 
ial 
"^ onfc 
or 
[ 
l 
in) = ——— —— s = 10 ns 
fpal™n) = Tx 10 x 10° 3 
a! 
10.6 INTEGRATED CIRCUIT RIPPLE COUNTERS $ 
Because of the inherent simplicity of ripple counters, they are available in integrated circuits Li 


with a relatively large number of stages in a single package. Many also have additional 
features that enhance their versatility and make it possible to use one circuit for a variety of 
applications. An example is the 7493-series TTL counter, which can be used as a mod-2, 
mod-8, mod-10, mod-12 or mod-16 counter. 


Mam ee 


The 7493A 4-bit Binary Counter 


As the logic diagram in Fig. 10.17 shows, this device actually consists of a single FF and 
a 3-bit asynchronous counter. This arrangement is for flexibility. It can be used as a divide- 
by-2 device using only the single FF; or it can be used as a mod-8 counter using only the 
3-bit counter portion. It can also be used as a mod-10, mod-12, or mod-16 counter by. 
making proper connections. This device also provides gated reset inputs, Ro, Roy. When 
both of these inputs are HIGH, the counter is reset to the 0000 state by CLR. 

To use the 7493A as a mod-2 counter, apply the clock signal to CLKA (pin 14) and 
take the output from Q,(sg, (pin 12). The Ro, and Ro, are grounded. 

To use the 7493A as a mod-8 counter, apply the clock signal to CLKB (pin 1) and take 
outputs from Qg, Qc, and Qojsey The Ro; and Ro; are grounded. 


nC dl 
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Fig. 10.17 The 7493A 4-bit ripple counter. 


The 7493A as a mod-10 counter 


To use the 7493A as a mod-10 counter, apply the clock signal to CLKA, connect Q 
to CLKB (since all the FFs are to be used), connect Qg to Ry, and Qp to Ro, becie 
feedback is provided from the 8's place and 2's place (10,) = 1010,) as shown in 
i bee. As soon as the count goes to 10 (1010), i.e. Q, = 1 and Qg = 1, all the FFs 
will be reset. 


CTR Div 12 


CTR DIV 10 


(b) 7493A connected as a mod-12 counter 
Fig. 10.18 The 7493A as a mod-10 counter and as a mod-12 counter. 
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The 7493A as à mod-12 counter 
7493A as a mod-12 counter, apply the clock signal to CLKA. Connect Q, to 


bit counter. Connect Qp to Ror and Qc to Ro; to provide proper 
feedback as shown in Fig. 10.18(b). Immediately after the counter goes to count 12 (1100), 
ie. Qp = 1 and Qc = 1. it is reset to 0000. This, however, results in a glitch on Qc because 
ihe counter must reside in the 1100 state for several nanoseconds before recycling. 


To use the 
CLKB to create a 4- 


The 7493A as a mod-14 counter 
7493A as a mod-14 counter, apply the clock signal to CLKA. Connect Q, to 
Connect the AND of Qg and Qc to Ro. The built-in reset NAND 
and Qc are first ANDed and then applied to Ro? as shown 
e counter goes to count 14 (1110), i.e. Qp = 1, Qc 


To use the 
CLKB. Connect Qp to Ror- 
gate has only two inputs; so, Qg 
in Fig. 10.19(a). Immediately after th 
= |. and Qg = l, it is reset to 0000. 
The 7493A as a mod-16 counter 

7493A as a mod-16 counter, apply the clock signal to CLKA. Q4 is connected 
ounded as shown in Fig. 10.19(b), so that resetting is 


s, the counter automatically resets. 


To use the 
to CLKB, Ro, and Ro. are gr 
ineffective. After 16 clock pulse 


CTR DIV 16 


CTR DIV 14 


(a) 7493A connected as a mod-14 counter (b) 7493A connected as a mod-16 counter 


Fig. 10.19 The 7493A as a mod-14 counter and as a mod-16 counter. 


The 7493A as a mod-50 counter 


The 7493A chips can be used to divide the input clock frequency by 50. In fact, two or 
more counters can be cascaded to produce an overall MOD number equal to the product 
of their individual MOD numbers. This can be very useful in applications where a large 
number for frequency division is required. 


The input frequency is to be divided by 50. So, two counters, one a mod-10 counter 
and another a mod-5 counter can be connected in cascade to get a mod-50 counter. This 
can be achieved by using two 7493A chips as shown in Fig. 10.20. The first counter divides 
f, by 10; so, Qp of the first counter has a frequency of f,,/10. This Qp is connected to 


pu 


Counters 407 


Mod-10 à 


Fig. 10.20 Mod-50 counter using two 7493A chips. 


CLKB. The second 7493A divides this f, 
second 7493A is of frequency (f,,/ d ais: fcc ore B 


The 7490 Decade Counter 
The 7490 is a decade counter (mod-10) which consists of four master-slave flip-flops 


internally connected to provide a divide-b: ivi 
interi ) j y-2 counter and a divide-by-5 counter as sho 
in Fig. 10.21. Gated direct-reset lines are provided to inhibit count inputs to either a tokio 


CEKA NC Quse) os GND Q, à. 
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» or to a BCD count of 9. Since the output Q, from FF, is not internally connected to the 
mee stages, the count may be separated into three independent count modes. 


1. When used as a BCD counter, the B input must be externally connected to the Qa 
output. The A input receives the incoming count, and a count sequence is obtained 
in accordance with the BCD count sequence. Two gated inputs are provided to 
reset the counter to 0; in addition, two more inputs are also provided to reset the 
counter to a BCD count of 9 for the 9's complement decimal applications. 


If a symmetrical divide-by-10 counter is desired for frequency synthesizers, the Qp 
output must be externally connected to the A input. The input count is then applied 
at the B input, and a divide-by-10 square wave is obtained at the Q, output. 

No external interconnections are required for operation as a divide-by-2 counter and 
a divide-by-5 counter. The FF, is used as a binary element for the divide-by-2 
function. The B input is used to obtain binary divide-by-5 operation at the Qg, Qe, 
and Qp outputs. In this mode, the two counters operate independently. However, 
all the four FFs are reset simultaneously. 


tw 


Ww 


10.7 SYNCHRONOUS COUNTERS 


Asynchronous counters are serial counters. They are slow because each FF can change 
state only if all the preceding FFs have changed their state. The propagation delay thus gets 
accumulated, and so causes problems. If the clock frequency is very high, the asynchronous 
counter may skip some of the states and, therfore, malfunction. This problem is overcome 
in synchronous or parallel counters. Synchronous counters are counters in which all the 
FFs are triggered simultaneously (in parallel) by the clock-input pulses. Whether a FF 
toggles or not depends on the FF's inputs (J, K, or D, or T, or S, R). Since all the FFs 
change state simultaneously in synchronization with the clock pulse, the propagation delays 
of FFs do not add together (as in ripple counters) to produce the overall delay. In fact, the 
propagation delay of a synchronous counter is equal to the propagation delay of just one 
FF plus the propagation delay of the gates involved. So, the synchronous counters can 
operate at much higher frequencies than those that can be used in asynchronous counters. 
Synchronous counters have the advantages of high speed and less severe decoding 
problems, but the disadvantage of having more circuitry than that of asynchronous 
counters. Many synchronous (parallel) counters that are available as ICs are designed to be 
presettable, i.e. they can be preset to any desired Starting count either asynchronously or 
synchronously. This presetting operation is also referred to as loading the counter. 


Four-bit Synchronous Up-counter—Propagation Delay 


In a synchronous counter, the clock signal is applied to all the FFs simultaneously. The 
4-bit up-counter counts in the order 0000, 0001, 0010,...1111, 0000, 0001,... The counting 
sequence and the timing diagram of this counting sequence are shown in Fig. 10.22. 
Observing the up-counting sequence, we can conclude that Q; changes state for every 
clock pulse. So, FF, has to be in toggle mode. Therefore, =K =1. Q; changes state 
whenever Q; is 1, i.e. FF, toggles whenever Q, is 1. So, connect Q, to J, and K}. Q; 
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After State of counter CLK 
clock pusle Q, Q, Q. Q 
KR 000 0 
1 0 0 0 1 
2 (Up Uii te 
3 0 0 4 4 
4 010 0 
5 010 1 
6 01 Airan ig 
7 Oped did 
8 1000 
9 1 (0 Old 
10 T9501, 
1 T SOF d 
12 j Ab ome 
13 1) 31 (MET 
14 1^ 311 50939 
15 T 4*9 3 
16 0000 
17 0 0 0 1 
(a) Counting sequence (b) Timing diagrams i 
Fig. 10.22 ops Synchronous up-counter considering the effect of propagation 
delay. 


changes state whenever Q, = 1 and Q, = 1; that means, FF, toggles whenever QQ = 1. 
So, QQ, is connected to J, and K}. Q, changes state whenever Q = 1, Q; = 1, and Q; 
= 1, ie. FF, toggles whenever Q,Q,Q, = 1. So, Q,Q,Q; is connected to J, and K,. Hence, 
the logic diagram will be as shown in Fig. 10.23. 


CLK 


Fig. 10.23 Logic diagram of a 4-bit synchronous up-counter. 


As may be seen in the timing diagram of Fig. 10.22, the propagation delay does not get 
accumulated in synchronous counters as it does in ripple counters. When the count is 
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; B s, the agation delay associated is 4r... 
changing from 0111 to 1000, for aye ere pos gee atta rate petro 
"e d eio, the boidar] of synchronous counters. 
does not have ws E propagation delays can cause glitches when the outputs of 

acis ped di coded: However, in the case of synchronous counters, it is the 
= = asi the propagation delays of individual FFs and differences between 
ap Pipe P [pj that are responsible for the glitches, rather than the delays 

e ect end differences prevent the FF outputs from changing in perfect 

un The creation of glitches because of this lack of perfect synchronism is 

IPTE 10.24. Some integrated circuit decoders are equipped with ed pale 

that can be used to deglitch the decoder outputs. The ENABLE input à am ^ UNE ud 

an external signal that enables the decoder at regular timing intervals which ex 

times where glitches occur. 


Fig. 10.24 Glitch in synchronous counter. 


Four-bit Synchronous Down-counter 


A 4-bit synchronous down-counter counts in the order 0000, 1111, 1110, ..., 0000, 1111. 
The counting sequence is shown in Table 10.1. 


Table 10.1 Counting sequence of a 4-bit synchronous down-counter 


After clock State of the counter After clock State of the counter 


pulse Qa QQ, pulse QQ Q Q 
0 D. O:LOl D 9 O0 di H5 
1 1^ 4 "41^ 10 071" MB 
2 ES MET 11 Oret DA 
3 1.—1- 0 1 12 0-..1- EI 
4 H. *4 4855.0 13 O x0» xim 
5 TRO verte 14 OOS eS: 
6 dong reg 15 o£cgit «oq 1 
7 Warg "igi 16 Ov. 0™ OER 
8 ety E 4c 17 Ait od mothe 4 
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Observing the down-counting sequence, we can conclude that: 
Q, changes state after each clock pulse. So, FF, is in toggle mode. Therefore, J, = 1 and 


K; = 1. Q changes state only when Q, = 0, ie. Q, = 1, ie. FF, toggles only when Q, 
= I. So, connect Q, to J, and Ky. 


Q, changes state only when Q, = 0 and Q; = 0, i.e. Q,- 
only when Q,Q, = 1. So, connect QIQ, to J; and K}. 
Q; changes state only when Q, = 0, Q, = 0, and Q; = 0, ie. only when Q, = 1, Q, = I 


and Q, = 1, i.e. FF, toggles only when Q,Q;Q, = 1. So, connect Q,Q,Q; to J, and K;. 
Hence, the logic diagram for a 4-bit down-counter is as shown in Fig. 10.25. 


1 and Q, = 1, i.e. FF, toggles 


Fig. 10.25 Logic diagram of a 4-bit synchronous down-counter. 


Four-bit Synchronous Up/Down (Bidirectional) Counter 


A 4-bit synchronous up/down counter can be obtained by combining the up-counting and 
down-counting operations in a single counter using control or mode signal. Let us say, we 
want the counter to count up when mode signal M = | and count down when mode signal 
M = 0. We can obtain the expressions for excitations of an up/down counter by combining 
the excitations of up- and down-counters using the mode signal. Therefore, the design 


equations for an up/down counter are: 
Jp = Ky c 
Jo = Ky = (Qı + Up) + (Q, - Down) = QM + Q,M 
5 = Ky = (Qı + Qz - Up) + (Qı - Qz ` Down) = QQM + 0,0,M 
^7 Ke = (Qi + Qz + Q - Up) + (Q, : + Q + Down) = Q,2.QM + 0,0,0,M 


The logic diagram of a 4-bit synchronous up/down counter is shown in Fig. 10.26, 
Most up/down counters can be reversed at any point in the sequence. 


Look-ahead Carry 


In the 4-bit up-counter shown in Fig. 10.23, the term Q,Q,, ... is called a carry, that is, 
it is brought forward to each stage. The carry must ripple through the successive AND 
gates, i.e, the output of the rightmost AND gate is not valid until the outputs of all the 


Y 
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Fig. 10.26 Logic diagram of a 4-bit synchronous up/down counter. 


preceding AND gates are valid. The propagation delays of the AND gates accumulate and 
this cumulative delay puts a limit on the counting speed of the synchronous counter. To 
increase the counting speed, many IC versions of synchronous counters use the look-ahead 
carry as shown in Fig. 10.27. 


Fig. 10.27 Logic diagram of a 4-bit synchronous counter with look-ahead carry. 


The J and K control logic is the same as that in the ripple-carry circuit, but the 
accumulation of propagation delay is eliminated. The total delay at each stage in this case 
is equal to the propagation delay of just one AND gate. 


10.8 HYBRID COUNTERS 


A hybrid counter is a counter in which the output of a synchronous counter drives the clock 


input of another counter to get a divide-by-N operation. The block diagram of a hybrid 
counter is shown in Fig. 10.28. 


o synchronous 
CLK | counter 


(a) Block diagram (b) State diagram 


Fig. 10.28 Hybrid counter. 


[m 
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Fig. 10.29 Logic diagram of a hybrid mod-12 counter. 


CLK 


Fig. 10.30 Timing diagram of a hybrid counter. 


10.9 DESIGN OF SYNCHRONOUS COUNTERS 


For a systematic design of synchronous counters, the following procedure is used: 


Step 1 Based on the description of the problem, determine the required number z of the 
FFs—the smallest value of m is such that the number of states N < 2"—and the desired 
counting sequence. 
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Step 2. Draw the state diagram showing all the possible states. A state diagram, which can 
also be called the transition diagram, is a graphical means of depicting the sequence of states 


through which the counter progresses. In case the counter goes to a particular state from 
the invalid states on the next clock pulse, the same can also be included in the state diagram, 


Step 3 Write the excitation table that lists the present state (PS), the next state (NS) and 


the required excitation. 


Step 4 Obtain the minimal expressions for the excitations of the FFs using K-maps. 


e minimal expressions to get the logic circuit. 


If the synchronous counter is a shortened-modulus counter it may suffer from the 
problem of lock-out. That is, the counter may not self-start. A self-starting counter is one, 
that will eventually enter its proper sequence of states regardless of its initial state. The 
counter can be made self-starting by so designing it that it goes to a particular state 
whenever it enters an invalid state. The same procedure can be used for counters of any 
number of bits and any arbitrary sequence. The only restriction on the sequence is that, it 
cannot contain the same state more than once within one complete cycle before repeating 


itself. 


Step 5 Implement th 


EXAMPLE 10.6 Design and implement a synchronous 3-bit up/down counter using J-K 
FFs. 


Solution 


A 3-bit counter requires three FFs. For selecting up and down modes, a control or mode 
signal is required. Let us say it counts up when the mode signal M = 1 and counts down 
when M = 0. The clock signal is applied to all FFs simultaneously. The J and K inputs of 
the FFs are expressed in terms of the present state outputs of the FFs and the control signal. 

The state diagram of the 3-bit up/down counter is shown in Fig. 10.31, The excitation 
requirements of the counter are shown in Table 10.2. 

The K-maps for J}, K}, and K, based on the excitation table and the minimal expressions 
obtained from them are shown in Fig. 10.32. Also, minimizing the K-map for J}, we get, 


h = QM + Q\M 


From the excitation table we can conclude that J, = 1 and K, = 1, because all the entries 
for J, and K, are either X or 1. 
The logic circuit realized using those minimal expressions is shown in Fig. 10.33. 


second method 


A 3-bit up/down counter can also be realized by designing the up-counter and the down- 
counter separately and then combining them using a mode signal and additional gates. 


Three-bit up-counter. The state diagram of a 3-bit up-counter is shown in Fig. 10.34(a). 
The excitation requirements when JK FFs are chosen as memory elements are shown in 
Table 10.3. 


Fig. 10.31 State diagram of the 3-bit up/down counter (Example 10.6). 


Table 10.2 Excitation table 


NS 
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PS Mode 
Q, Q; a M 
‘OF adie, 0 
0.0 0 1 
Oncaea 0 
0-30 1 
(Re) 0 
0 1 0 1 
0 "qo 0 
0, dL 1 
1770990 0 
TO 1 
f BOLT 0 
ATO non 1 
K adiga 0 
T 400 1 
1 See 0 
1 1" 1 


o222222o02o0o0oooo-2|? 


Required excitations 
C20) calcem o hf 
T f ox 1X 1X 
eh at 0 x 0 x 1X 
0.0 0 x 0 X SES 
d 20 0 x 1X X 4 
0 1 UA X X 1 1X 
T 41 D EX x 0 4 X 
1 40 DISX X 0 X 4 
0 0 d X X 1 X 4 
TE x4 ex qe 
0 1 x 0 0 x TE 
0. 0 x 0 0 x 2d 
1 0 x 0 Tac ned 
0 1 x 0 Barat 1X 
T RU Xx dx 
1 0 x 0 x 0 X 4 
0 0 X 1 X 1 x11 
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Three-bit down-counter. The state di 
d br iagram sbi < z 
Fig. 10.35(a). The excitation requirements Ea P JE bit down-counter is shown in 
are shown in Table 10.4. are selected as memory elements 


| Table 10.4 Excitation table of a 3-bit down-counter (Example 10.6) 


PS 
NS Required excitation 


Enc o a 5 ACHNACT COMIUNC OMM 


Fig. 10.33 Logic diagram of the synchronous 3-bit up/down counter (Example 10.6). 


Q Q K 
o0 (6 17 TES QUU i ge a K 
0 0 1 Ought ited 0 0. x pre e 
Table 10.3 Excitation table of a 3-bit up-counter (Example 10.6) > ^ 0 [Tw K 0 x genu Ee 
1 0 
PS NS Required excitation 1^ Sow ag ó i F v x X120 XE 
P 1 
OE es es X a Bla 17 NONE Ariat tab o X o 0 ^ ^ 
0 0 0 0 0 1 0 x 0 X 1 X 1 1 0 1 0 1 xg | M 1 x 
0 0 1 0 1 0 0 x 1 x X 1 1 1 1 1 1 0 X 0 X 0 e 
0 1 0 0 1 1 0 X x 0 1 X A 
dd ul 1 LO D Ls X dad A i The K-maps and the minimal expressions for excitati 
MAE excitations J}, K}, i 
2 uo, O jung su x 0 0 x T ADS simplifying them are shown in Fig. 10.35(b). so ted Kacobtaiog by 
1 0 1 1 1 0 xe. 1 X X 1 
1 1 0 1 1 1 X 0 X 0 1 X 
1 1 1 0 0 0 x 1 X 1 X 1 


The K-maps for excitations based on the excitation table and the minimal expressions : 
for excitations Jj, K, J, and K, in terms of the present outputs Q;, Q;, and Q, obtained 
by minimizing the K-maps are shown in Fig. 10.34(b). From the excitation table it is seen 
that, J, = K, = 1, because all the entries for J, and K, are either a 1 or an X. 


QQ, 


00 01 11 10 


K,7 QQ, (a) State diagram (b) K-maps 
Q0, Fig. 10.35 Three-bit down counter (Example 10.6). 


From the design equations of the up-counter and the down-counter we see that, in both 

. cases J, = | and K, = 1. Therefore, for the up/down counter too, J; = 1 and K, = 1. For 
the up-counter J, = K, = Q, and for the down-counter, J, = K, = Qı. So, for the up/down 
counter, J, =K, = (Q,: Up) + @, r Down). ! jV 
(a) State diagram ORTEN T . Similarly, for the up-counter, h = K, = QQ, 
Fig. 10.34 Three-bit up-counter (Example 10.6). 9291 Son for an pon UNE 


L HORD oti 


and for the dowmcontn, 1 = Ky 


pue abu ) 
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Jy = Ky =Q = Qi Up (Q, : Q; : Down) 

Bv using a control signal M, and taking M = 1 for the up-mode and M = 0 for the down- 
mode and combining the above equations, the design equations of an up/down counter are 
LS LE 
J, = K, = (Qı > Up) + (Q, : Down) = QM + Q,M 
Perea 709; Up A G2 | Du QQM + Q,Q.M 

We see that these equations are the same as the equations obtained by the direct design 


of the up/down counter. So, the circuit will be the same as that shown in Fig. 10.33. 


EXAMPLE 10.7 Design a mod-6 counter using J-K FFs with separate logic circuitry for 
each J and K input. Construct timing diagrams and determine the duty cycle of the output 
of the most significant stage. Construct a state diagram to determine whether the counter 
is self-starting or not. 


Solution 


We know that the counting sequence for a mod-6 counter is 000, 001, 010, 011, 100, 101, 
and 000... It requires three FFs and has two invalid states, 110 and 111. The entries for 
excitations corresponding to invalid states are don't cares. The state diagram and the 
excitation requirements are shown in Fig. 10.36. 


PS NS Required excitation 

00,0000 5% AK AK 

O07 187 80) 1 OTATOU A 

our?) o 1 0 0c X. atl X1 Goo) o) 

0: 1 0 9 1 1 DX Xo0 1 X (mj) 
o 4 EU 0c 1 X X 1 X4 (009) 

-€— NES qm E (57) (110) 
FOR He ONO O Xi h OX. KM 


DED, 


(b) State diagram 


(a) Excitation table 


Fig. 10.36 Synchronous mod-6 counter using J-K flip-flops (Example 10.7). 


The Karnaugh maps for J;, Ks, J}, K;, J), and K; in terms of Qs, Qo, and Qı, and the 
minimal expressions for excitations obtained from them are shown in Fig. 10.37. The logic 
diagram based on those minimal expressions is shown in Fig. 10.38. The timing diagram 
is shown in Fig. 10.39. The timing diagram should be studied carefully to verify how each 
waveform ensures that proper FFs change states to produce the desired sequence. When 
constructing a timing diagram for a synchronous counter it is important to show the 
waveforms that control the J and K inputs. For example, in this design it is necessary to 
show Q,Q; which controls J, and Q;Q, which controls J}. We see that the duty cycle of 


the most significant output is 27/67 = 1/3. Note also that the frequency of the output is 
one-sixth of the clock frequency as expected in a mod-6 counter. 
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01 


11 


Fig. 10.37 K-maps for excitations of 
(Example on, synchronous mod-6 counter using J-K flip-flops 


Fig. 10.38 Logic diagram of the synchronous mod-6 counter using J-K flip-flops 


(Example 10.7). 


For this counter, 110 and 111 are the invalid states. We can determine the counter's 
Mae when its initial present state is 110 or 111. Given each present state, we can 
etermine the J and K inputs from the logic diagram. With these inputs applied to the 
counter which is in the present state, we can determine each of the next states of the 
conien. From Table 10.5 we see that, if the present state (Q,Q,Q,) is 110, the excitations 
inis. Bs K, = 0, J, = 0, K, = 0, J; = 1, and K; = 1. With these excitations the counter 
changes, from 110 to 111. If the present state is 111, the excitations are J; = 1, Ky = 1, 
2 = 0, K, = 1, J, = 1, and K, = 1. With these excitations the counter changes from 111 


Table 10.5: Table to check for lock-out (Example 07) "PT SITTas 
PS Present inputs NS. 


tutis 
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Jy, Ks, J» Ky, Ji, and K, based on the excitation 


table, and the minimal expressions obtained 


from those K-maps are shown in Fig. 10.40, The logic diagram based on thdse minimal 
Table 10.6 Excitation requirements 
PS NS Required excitation 
Qi Qus Qt M ee og fad, M 
0 "012038 DU DOES 0 x 0 X 0 X Ti X 
0 00 í O (uds Ox O <x 4 1X X. 1 
001 0 0-04. 4 oix do KON NA O t] 0d 
0. — 0L $1051 0.—1 10. 20 0 Xx T. X X 1 X 1 
QO 1-106 OA Oa 0 x x o0 0 X 4. —X 
0^ 4d "OX Oa 1189 UT TX X 0 IX X 
0 do EMI Ond eod 0 X X 0 x 0 tee X 
OC Tn TUE) 5959; WEN x 1 3994 X 1 
1 0730090 T 30-1700 X 0 0 X 0 X ?,? X 
1 0709 07109 10: 509 X" 0 X 0 X x 4 


Fig. 10.39 Timing diagram for the mod-6 synchronous counter (Example 10.7). 


to 000. From the table, to check for lock-out, we see that the counter is self-starting 
because if the counter initially finds itself in state 111, it goes to 000 after one clock pulse 
and if the counter is initially in state 110 then it goes to 111 after one clock pulse and goes 
to 000 after two clock pulses. 


EXAMPLE 10.8 Design and implement a BCD counter using J-K FFs. Is the counter self- 
starting? 


Solution 


lois dota DNE iE M € oue ops OI TOUS. 
Fig. 10.40 K-maps for excitations of the BCD counter using J-K fip-fiops (Example 10.8). 


A BCD counter is nothing but a mod-10 counter, It requires four FFs. States 0000 through 
1001 are stable. After the tenth clock pulse, the counter resets. States 1010 through nu 
are invalid. The excitation requirements are shown in Table 10.6. The K-maps for Ja, Ky 
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expressions is shown in Fig. 10.41. The state diagram and the table to check for lock-out 
are shown in Fig. 10.42. The table to check for lock-out shows that, if the counter finds 
itself in an invalid state initially, it moves to a valid state after one or two clock pulses and 
then counts in the normal way. Therefore, the counter is self-starting. 


Fig. 10.41 Logic diagram of the synchronous BCD counter using J-K flip-flops 
(Example 10.8). 


PS Present inputs NS 
a.a, Q, Q, Jı K, Js Ky JK, JK, Q.Q, Q, Q, 
150 tao 0) 0° 0° 0:0: 171 1 0 did 
iun tet ARO 1 1 Ot d 0100 
Faroo 0 0 0 0/0 oIan ir10 1 
ah 30 190 1. 0:030 set 0100 
I0 8 0 0 0 010 UU tte 1 
44 4 3791 1.1 1/04 141. TOL 0C DD 

(a) Table to check for lock-out (b) State diagram 


Fig. 10.42 Synchronous BCD counter using J-K flip-flops (Example 10.8). 


EXAMPLE 10.9 Design a type T counter that goes through states 0, 3, 5, 6, 0,.... Is the 
counter self-starting? 


Solution 


y 
This counter has only four stable states, but it requires three FFs, because it counts 101 
and 110. Three FFs can have 8 states, out of which 0, 3, 5, 6 are valid and 1, 2, 4, 7 are 
invalid. The state diagram and the excitation requirements of this counter are shown in 
Fig. 10.43. The K-maps for T;, T,, and T, in terms of Q;, Q,, and Q, based on the 
excitation table, and the minimal expressions obtained from them are also shown in 
Fig. 10.43. The logic diagram based on those minimal expressions is shown in Fig. 10.44(a). 

The table to check for lock-out is shown in Fig. 10.44(b). We see that the counter is 
not self-starting. It suffers from the problem of lock-out. That is, initially if it enters an 
invalid state, it keeps on moving from one invalid state to another when clock pulses are 


applied and never returns to a valid state and, therefore, it serves no useful purpose. CE 
Qi 
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(c) K-maps 
Fig. 10.43 T type, 0, 3, 5, 6, 0... counter (Example 10.9). 


ee eee ee 
PS Present inputs NS 

9,08 TT T, 30a 

OO U 1 1 010 

Loss n a 1 gae 

100 0 1 1 Le ees 

dd dT 1 0-0. 701 
(a) Logic diagram (b) Table to check for lock-out 


Fig. 10.44 T type counter that goes through states 0, 3, 5, 6, 0,...(Example 10.9). 


Elimination of lock-out. There are two methods to eliminate lock-out. 


Firs method. Obtain a reset pulse as shown in Fig. 10.45 such that, whenever the counter 
goes to an invalid state, it automatically resets to the initial state 000. 


PS Reset 
aa RO 
007 7 á by 
Otit EU es uds és 
"ew. | R-àà0, 003, 033,00, 
A i = (0,8 Q,)+ Q(0,$ Q) 
ae > Ea ae to! 34A X3 


Fig. 10.45. Table for R, K-map, ‘and the minimal expression for R (Example 10.9). 


Wm in this reset pulse from the counter already ; designed (taking the excitations: 
esponding to the invalid states as don’t cares) and feed it to the CLR terminals of the 


modi to wel ue an wen svat axo 791 ey T. Yow 
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FFs. The circuit of Fig. 10.44(a) is, therefore, modified as shown in Fig. 10.46. For active- 
oe use R. The counter comes out of the invalid state without requiring another clock pulse, 


CLK 


Fig. 10.46 Logic diagram of the type T 0, 3, 5, 6, 0,... counter modified to eliminate 
i lock-out (Example 10.9). 


Second method. Redesign the counter assuming that the counter goes to the starting he 
i.e. 000 whenever it enters any of the invalid states. The excitation Doi Mi s e 
in Fig. 10.47. In this method, no don't cares are available for excitations even s. E pes 
state is an invalid one. The counter designed by this method cannot come out of the p: y 
state instantaneously. It requires one more clock pulse to let the counter come out of the 
invalid state. The circuit is also more complicated because no don’t cares are present. The 
K-maps for T}, T, and T, based on the excitation table and the minimal expressions 
obtained from them are a in Fig. 10.47. A logic circuit may be realized using those 
minimal expressions. 


PS NS Required excitation 
ajazojia, 0, Jy .cT d; 
000 OT ^t 0 1 1 
001 000 0 0 1 , 
010 000 0 1 0 
0 1 1 1.0.3 1 1 0 
100 000 1 0 0 
3200 1 110 0 1 1 
$050 000 1 1 0 qus 
1 373 000 1 1 1 T, =Q,+ 0,0,+ Q,0; 
(a) Excitation table (b) K-maps 


Fig. 10.47 Excitation table and K-maps (Example 10.9). 


EXAMPLE 10.10 Design a type D counter that goes through states 0, 1, 2, 4, 0... . The 
undesired (unused) states must always go to zero (000) on the next clock pulse. 1 


Solution 


This counter has only four stable states, but it requires three FFs because it counts 100 as 
well. Three FFs can have eight states, so, four of them are invalid. Since the counter must 
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go to 000 on the next clock pulse, the seco d 
diagram and the excitation requirements te ans Ereet 


oe ait, Edon 

0 00 9-9 1—5 o t © 
Ora0psbmiaQd; 0 (0 1 $ 

0.1 OR DOT 0 5 (1) 
011 000 9 0 0 O 
1.0 0 0908000 0 A 

ILE  . 0 o (4) e 
LEUR PRIORE] M 0 

CIE e Qm ee 0 0 (2) 


jë 


(a) Excitation table (a) State diagram 


Fig. 10.48 Excitation table and state diagram (Example 10.10). 


From the excitation table we can see that Wee ani i 
Lo no minimization is possible. rt 
for excitations are Possible. The expressions 


= Q:2,Q;;  D; = QQQ; = QQQ, 
The logic diagram vide on these expressions is shown in "d 10.49. The counter is self- 


starting, i.e. it does not suffer from the problem of lock-out as may be seen from the state 
diagram. 


Fig. 10.49 Lala diagram of J-K. type D counter that goes ne snes 0,1,2,4. 
.. (Example 10.10). 


EXAMPLE 10.11 Design a J-K counter Ras nS states 3, 4, & 7, and 3... . Is 
the counter self-starting? Modify "ec ircuit such that c it — fo.an aaa state 


it comes back to state 3. Gns aint eog t sau t 
Solution 402.01 a ni uci B iio of lo ma 


ae a sede 110)E. diy. ol states. masa o Ma 
is counter requires three F. gm s ar 


ud E don't cares. The sta pice tay inu 
8. 10.50. 


mie iy 
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Required excitation 


Pope NS ae 

no EK ee XXIX] (3) 

E doduUreei t Once Olt QOO 

Poyen T Xe OES (8) 

PES 3g Nr ee Xeno OA 
(a) Excitation table (b) State diagram 


Fig. 10.50 State diagram and excitation table of type J-K 3, 4, 6, 7, 3,... counter 


(Example 10.11). 


based on the excitation table and the minimal 


expressions obtained from them are shown in Fig. 10.51. From the excitation table, J, = 
ince all the entries for J; and J, are either a 1 or a X. The logic diagram 


l and J, = 1, si l ora. 
for the counter based on those minimal expressions 1s shown in Fig. 10.52. 


The K-maps for Ks, Kz J,, and K, 


Q,Q, 


40, 
oo 01 11 


10 
pang 
K,=Q, 
Fig. 10.51 K-maps for excitations of type 
(Example 10.11). 


Q, 


0 
1 


472; K, = Qs 
3, 4, 6, 7, 3, ... counter using J-K flip-flops 


Fig. 10.52 Logic diagram of the J-K counter that goes through states 3, 4, 6, 7, 3,.-- 
(Example 10.11). 


Test for lock-out. The NS entries of Table 10.7 to check for lock-out show that there is 
no problem of lock-out and the counter is self-starting, because any time it goes into an 
invalid state, it comes out and goes into a useful state after one clock pulse. The state 
"—— of the counter is shown in Fig. 10.50b. t 
To see that the counter goes to state 3(011) whenever i i i tes 
obtain an expression for reset R or set S as ev d V emere Le M circi 
accordingly such that the counter goes to 011 after the next clock pulse. ak 


Table 10.7 sia 
Table to check for lock-out (Example 10 
ple 10.11) 


PS 
IL Present i 
Q aenal ETAU] a g 
Lea sk Lk Ik So 
0 0 Q 
0, 30554 14 Bon AB adt aaa =a a 
Ow AA Lk date. Tn ONP ard FAIN ae aa 
t nitrate diae Siege 
(t. sf 


Since we do not 
etn eee Wear Counter to reset to 000, and instead go to 
) lear terminal of FF d state 011, 
modified circuit of Fig. 10.54 and to the preset terminals of FF, and FF, as sh lai 
s 1 as shown in the 


PS Re 
you R 
000 1 01 11 
0 0 1 1 
! Q40 1 
10 1 1 


R=0,0,+3,0 
Fig. 10. bus 
ig. 10.53 Table and K-map for R of type J-K 3, 4, 6, 7, 3,... counter (Example 10.11). 


Fig. 10.54 Logic dia 
gram of the J-K counter modified to go to state 3 from 
States (Example 10.11). m iss 


EXA 

€ 10.12 Compare fpax of a 4-bit ripple counter with that of a 4-bit synchronous 

What neis "d y The fp for each FF is 50 ns and the ży for each AND gate is 20 ns. 
E © be done to convert these counters to mod-32? Determine fray for the mod- 

32 ripple and parallel counters. ert wm Saas = 

Solution 


o ae 
(a) The total delay that must be allowed between the input clock pulses of a 


Synchronous counter is equal to 
ite I 16 loding oigo 28. 0F a 


| 
| 
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(FF) + t, (AND) 


+ 20 = 70 ns. And so, the parallel counter has, fa = 1/(70 ns) 


Thus, Ta, 2 50 
= 14.3 MHZ 
(b) A mod-16 ripple counter uses four FFs with fpa = 50 ns. Thus, fmax for the ripple 
counter is 
fx Dali tse MEZ 
Jmax ^ (4x50) ns 
ce 25 = 32. 


(c) A fifth FF must be added, sin 
(d) The fmax of the synchronous counter remains the same re 
The ES" Thus, its f. i8 Still 14.3. MHz. The fmax Of the 5 


change to 


gardless of the number 
-bit ripple counter will 


LEE 
fx = (5x 50) ns 
= 4 MHz 


40.10 IC SYNCHRONOUS COUNTERS 
$163A Synchronous 4-bit Binary Counter 


63A, an IC synchronous binary counter is shown in Fig. 10.55. 
DIV 16 indicates a counter with 16 states. 


The 74L 


The logic symbol of 74LS1 
The qualifying label CTR 


Data inputs 


CLR 
LOAD o 
ENP 


ENT 
CLK 


Data outputs 
Fig. 10.55 Logic symbol of 74LS163A. 


First the counter can be synchronously preset Counters 429 
proper levels to the data inputs. When a Li fe an 
will assume the state of the data inputs mds is ap 


The ripple carry output RC 
sequence, 15 (1111). This Mei When the counter reaches th 
counters to be cascaded for higher coun? poni nn the enable ade eu des 
es. The A » allows these 


input and output bits, i ani 
3 i respectively. For example, if the initial stat or fue 
o be 1010, to begi 
gin 


iti, the LOW-I i Qs, Qe, an Q 
wiül evel pulse on the CLR input causes all the outputs (Q d 
A XB Mo D) 


o go LOW. Next the LOW. 
to gi level pulse on th LOAD " put enters thi 
data (1010) on the 


dam inputs (D, C, p, Eus A) into the counter. These data a 
time of the first positive-going clock edge after the ORB nos on the Q outputs at the 
input goes LOW. This is 
. the 


preset operation, in which the output Q; 
The t QcQgQ, is set to 
meu sf by gu through binary counts 11 phi i 
pulses. Both ENP edges. It then recycles to 0, 1, 2 RE AU: 14, 15 on the next five 
and ENT inputs are HIGH during the count sequence. Ifthe omi ae 
e: If the count is to 


be terminated on let us sa: is m 
| y 6, the ENP W, 
counter remains in VEN NEN is made to go LOW, the count is inhibited, and the 


The 74LS160A Synchronous Decade Counter 


This levice as t same i 

his d has the same inputs and outputs as the 7. inary counter as shown in 

E as the 74LS163A bi i 

8. 10.56. It may be preset to any BCD count using the data bie apd a LOW o th 
i i n the 


Data inputs 


D c 


B A 


CLR 
LOAD o 
ENP 


ENT 
CLK 


Ó ua HUM 2 gamtai Jue VIM-AAM afi 
054°) O Corpa Batu rid UO NUDO ON RC e 


pusoáguig 9d dw grible uiii EMI PARE pit 


Fig. 10.56 Logic symbol of 74LS160A. ———- geh wn 
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LOAD input. A LOW on the CER will reset the counter. The count enable inputs ENP and 
ENT must both be HIGH for the counter to advance through its sequence of states in 
response to a positive transition on the CLK input. As in the 74LS163A chip, the enable 
inputs in conjunction with the carry-out (RCO: terminal count of 1001) provide for 
cascading several decade counters. 

The pin diagram is the same for the following 74160-74163 series counters: 


74160—Decade counter, asynchronous clear 
74161—Binary counter, asynchronous clear 
74162—Decade counter, synchronous clear 
74163—Binary counter, synchronous clear 


The 74190/74191 Series Up/Down counters 


The 74190 is a decade up/down counter and the 74191 is a 4-bit binary up/down counter. 
The pin diagram is the same for both. 
Figure 10.57 shows the logic symbol for the 74190 IC decade up/down counter. The 


direction of the count is determined by the level of the up/down count (D/U). When this 
input is HIGH, the counter counts down; and when it is LOW, the counter counts up. Also, 
this device can be preset to any desired BCD digit as determined by the states of the data 
inputs when the load input is LOW. 


Data inputs 
SO 7. 
D c B A 
(9) (10) |o. Jos 


CTEN 


CTRDIV1 (12) 
DU 0 MAX/MIN 


LOAD 


RCO 


Data outputs 


Fig. 10.57 Logic symbol of 74190/74191. 


$ me MAX-MIN output produces a HIGH pulse when the terminal count 9 (1001) is 
reached in the up mode or when the terminal count 0 (0000) is reached in the down mode. 


A» ete along with the ripple carry output (RCO) and the count enable 
input (CTEN ), is used when cascading the counters. 
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Bot $ 
programmable, and both have enable th have internal look-ahead carry, both are 


addition, both have 3-state outputs Furthermo 
" T 


synchronously or asynchronously and can LAS pen age om CHE 


asynchronously. The pin diagram is shown in ae either synchronously or 


active to achieve loading. Some circuits can be loaded either synchronously or 
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asvnchronously and have separate control inputs such as SLOAD and ALOAD, to enable 


one type of loading or the other to take place. 


10.11 THE 74193 (LS 493/HC 193) COUNTER 


shows the logic symbol and the input/output description for the 74193 counter, 


Figure 10.59 j ith 
This counter can be described as a mod-16 presettable up/down counter with synchronous 


counting, asynchronous preset and asynchronous master reset. 


PL P, ‘Py P. Po Pin Names Description 


Count-up clock input 
(active rising edge) 


Count-down clock input 


74193 CP, nt-dow 
MOD-16 UP/DOWN (active rising edge) 
COUNTER 
MR Asynchronous master reset input 
(active HIGH) 
Y D A 
MR Qu «0, PL Asynchronous parallel load input 
A i (active LOW) 
a) Logic symbol 
i : Po-Ps Parallel data inputs 
05-0; Flip-flop outputs 
MR PL CP, CP, MODE E gU 
H X X X Asynchreset TC, Terminal count-down (borrow) output 
L L X X Asynch preset (active LOW) 
b (Hoc HO E T6, Terminal count-u| 
-up (carry) output 
L H ^ H Coutup (active LOW) 
L H H ^ Countdown 


(c) Mode select table (b) Pin description table 


Fig. 10.59 The 74193 counter. 
Clock Inputs CP, and CP,, 


The counter will respond to the positive-going transitions at one of two clock inputs. The 
CP, is the count-up clock input. When pulses are applied to this input, the counter will 
increment (count up) on each PGT to a maximum count of 1111. Then it recycles to 000 


input, the counter will decrement (count down) on each PGT to a minimum count of 00! 

then it recycles to 1111 and starts all over. Thus, one clock input or the other will be us D 

for counting while the other clock input is inactive (kept HIGH). Es 
12998 

Master Reset (MR) v 

b. i n atur 

ie = is an geste asynchronous input that resets the counter to the 0000 

state. The MR is a SET, and so, it will hold the c R= 

1. It also overrides all other inputs. miel ed E 


and starts all over. The CP, is the count-down clock input. When pulses are applied to this 


LOW until the counter has counted down | 
PGT at CP, recycles the counter to 1111, it causes 
can be used to clock a second 74193 € 


Ww 
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; Pec F rati ri a 
MR input is in its active-HIGH Jie tion. The PL will have no effect, however, if the 


C. 
Count Outputs 
The current count is always 
Q, the MSB. YS Present at the FF outputs Q;-Q,, where Q, is the LSB and 
Terminal Count Outputs 


The terminal count 
Outputs are used when two or more 74193s are connected as a multi- 


stage counter to produce a larger mod numbe 
number. In the count- tp 
rat 3 á ount-up mode, the TC, ou! 
the lower-order counter is connected to the CP, input of the next SEES ries conater = 


the count-down mode, the TC, ou owi 
: p Output of the -0Í i 
à i ; t hi 7 À lower-order counter is connected to the CPp 


E- The TCy is generated on the 74193 chip using the logic shown in Fig. 10.60a. Clearly. 
TC, will be LOW only when the counter is in the 1111 state and CPy is LOW. Thus Te i 
will remain HIGH as the counter counts up from 0000 to 1110. On the next PGT of CP 3 
the count goes to 1111, but TC, does not go LOW until CP, returns LOW. The next PGT 
at CP, recycles the count to 0000 and also causes TCy to return HIGH. This PGT at CP, 


occurs when the counter recycles from 1111 to 0000, and can be used to clock a second 
74193 up-counter to its next higher count. 


CP, cP, 

Q, à, 

Q, T & T6, 
Q, Q, 

Q, pam he BPA 


(a) N.. [2 
j | re l- 
Fig. 10.60 Logic for generating TCy and TCp. 
ig. 10.60b. It is normally HIGH and does not go 
the 0000 state and CP, is LOW. When the next 


TC, to retum HIGH. This PGT at TC, 
to its next lower count. 


The TC, is generated as shown in 
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EXAMPLE 10.13 Figure 10.61a shows a 74193 wired as an up-counter. The parallel data 
d as 1011, and the CPy, PL, and MR input waveforms are 


inputs are permanently connecte: 
shown in Fig. 10.61b. Assuming that the counter is initially in the 0000 state, determine the 


counter output waveforms. 


Solution 

ounter FFs are LOW. This causes TC, to be HIGH. Just prior to time 
diately loads the counter with 1011 to produce Q, 
the CPy makes a PGT, but the counter cannot 


At times ty £s, £4, and fs the counter 


Initially (at to)» the c 
t, the input is pulsed LOW. This imme 


=1,Q=0Q=1 and Q, = 1. At time £j, 
respond to this because PL is still active at that time. 


MR Q, Q; Q, % 


(a) Logic diagram 


LIMITS dace , WG 
(b) Waveforms ru 

Fig. 10. i L 
ig. 10.61 The 74193 wired as an up-counter (Example 10.13). dd 
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counts up on each PGT at CP, After the I e counter is in the 1111 state. b 
t 
U PGT at ts, the coi i 


TC, does not go LO’ 
i W at £4. Wh 
and TC, returns HIGH. s. When the next PGT occurs at f, the counter recycles to 0000 


The counter will 
coi i 
unt up in response to the PGTs at fg and fy. For the PGT at t 
je 10° 


TC, has no effect be 
i cause the MR i 
will reset all FFs to 0 and override ae ered i es ih hei 


EXAMPLE 19.14 Fi 
igure 10.62a shows the 74193 wired as a down-counter. The parallel 


data inputs are i 
permanently wired as 0111, and the CP, and PL waveforms are shown i 
in 


Fig. 10.62b. Assumin; 
$ th IR 
EE EE g that the counter is initially in the 0000 state, determine the output 


QQ Q, Q 


(a) Logic diagram 


ragian coio qq npe itp t i arin 
> ... (b) Waveforms 
. Fig. 10.62 The 74193 as a down-counter (Example 10.14). 
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Solution 

At f, all the FF outputs are LOW and CP, is LOW. These are the conditions that produce 
TC, = 0. Prior to 1, the PL input is pulsed LOW. This immediately presets the counter 
to 0111 and therefore causes TC, to go HIGH. The PGT of CP; at t, will have no effect, 
since PL is still active. The counter will respond to the PGTs at /; to fg and counts down 
to 0000 at zy. The TC, does not go LOW until t when CP goes LOW. At to, the PGT 
of CP, causes the counter to recycle to 1111 and also drives TCp back to HIGH. 


Variable Mod Number Using the 74193 Counter T 


Presettable counters can be easily designed for different mod numbers without the need for D 


Output, f = fn /5 


i 
Q, 0 1 

: au di acra à 
== H , ! 1 i i 
TC, B r E 1 i i i t 
(PL) E XE peac nE LET . 

5 t t B tet te t, to tntz 
counter counter 
presets to presets to 
0101 0101 

(b) Waveforms 


Fig. 10.63 The 74193 wired as a mod-5 counter and its waveforms. 
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additional logic circuitry. We will dem 
Fig. 10.63a. Here the 74193 is used 
permanently connected at 0101 (5 
PL input. 
We begin our analysis by assumi i i isi 
see meis Ree Hp ID er te come i T me wT 
The counter will decrement (count down) on the PGTs of CP, at t to ts. At fs, the 


counter is in the 0000 State. When CP, goes LOW at tẹ it drives TC, LOW. This 
immediately activates the PL input and presets the counter back to the 0101 state. Note that 
TC, stays LOW only for a short interval because, once the counter outputs go to 0101 in 
response to PL — 0, the condition needed to keep TC p = 0 is removed. Thus, there is only 
a narrow glitch at TC). 

The same sequence is repeated at t; to f} and at equal intervals thereafter. If we 
examine the Q, waveform, we can see that it goes through one complete cycle for every 
five cycles of CP). For example, there are five clock cycles between the PGT of Q, at tę and 
the PGT of Q, at tı. Thus, the frequency of the Q, waveform is 1/Sth of the clock frequency. 

The frequency division ratio (5) is the same as the number applied to the parallel data 
inputs (0101 = 5). In fact, we can vary the frequency division ratio by changing the logic 
levels applied to the parallel data inputs. 

A variable-frequency-divider circuit can be easily implemented by connecting switches 
to the parallel data inputs of the circuit in Fig. 10.63. The switches can be set to a value 
equal to the desired frequency-division ratio. 


onstrate this for the 74193 using the circuit of 
as a down-counter with its parallel load inputs 
10). Note that the TC; output is connected back to the 


The 74192 Counter 


The 74192 is an up/down decade counter. Like the 74193, it is also a dual clock up/down 
counter with asynchronous parallel load, asynchronous overriding master reset, and internal 
terminal count logic which allows the counters to be cascaded without any additional logic. 
It can be reset, preset, and can count up or down. Also, like the 74193, it has four M-S 
flip-flops plus steering, terminal count decoding, and preset logic. The operation of 74192 
is very much the same as that of 74193. The terminal count-up output is LOW while the 
up-clock input is LOW and the counter is in its highest state 9. Similarly, the terminal count- 
down output is LOW while the down-clock input is LOW and the counter is in state 0. The 
logic equations for terminal counter are: 


Ty =Q- O° Q9- GQ Py Tr=-%-2-Q- CP 


10.12 SHIFT REGISTER COUNTERS 


One of the applications of shift registers is that they can be arranged to form several types 
of counters. Shift register counters are obtained from serial-in, serial-out shift registers by 
providing feedback from the output of the last FF to the input of the first FF. These devices 
are called counters because they exhibit a specified sequence of states. The most widely 
used shift register counter is the ring counter (also called the basic ring counter or the 
simple ring counter) as well as the twisted ring counter {also called the Johnson counter 


or the switch-tail ring counter). 
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Ring Counter 


This is the simplest shift register counter. The basic ring counter using D FFs is shown in 
Fig. 10.64. The realization of this counter using J-K FFs is shown in Fig. 10.65. Its state 
diagram and the sequence table are shown in Fig. 10.66. Its timing diagram is shown in 
Fig. 10.67. The FFs are arranged as in a normal shift register, i.e. the Q output of each 
stage is connected to the D input of the next stage, but the Q output of the last FF is 
connected back to the D input of the first FF such that the array of FFs is arranged in a 


ring and, therefore, the name ring counter. 


Q, Q, Q, Q, After clock pulse 

3 99090. 0 

D Ss 0-0 1 

D 80. 4 59 2 £ 
6 0 0. 1 2 * 
1. e 10. 0 4 o © 

07:1 > 0 5 

9, "0 ^g 6 

ON 20V ger 4 i (o) 

E eR a WU 


(a) Sequence table (b) State diagram 
Fig. 10.66 Sequence table and state diagram of a 4-bit ring counter. 
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Fig. 10.67 Timing diagram of a 4-bit ring counter. 


In most instances, only a single 1 is in the register and is made to circulate around the 
register as long as clock pulses are applied. Initially, the first FF is preset to a 1. So, the 
initial state is 1000, ie. Q, = 1, Q, = 0, Q, = 0, and Q, = 0. After each clock pulse, the 
contents of the register are shifted to the right by one bit and Q, is shifted to Qı- The 
sequence repeats after four clock pulses. The number of distinct states in the ring counter, 
i.e. the mod of the ring counter is equal to the number of FFs used in the counter. An 
n-bit ring counter can count only n bits whereas an n-bit ripple counter can count 2" bits. 
So, the ring counter is uneconomical compared to a ripple counter, but e advantage 
of requiring no decoder, since we can read the count by simply noting which FF is set. 
Since it is entirely a synchronous operation and requires no gates external to FFs, it has the 
further advantage of being very fast. 


Twisted Ring Counter (Johnson Counter) 


This counter is obtained from a serial-in, serial-out shift register by providing a feedback 
from the inverted output of the last FF to the D input of the first FF. The Q output of each 
stage is connected to the D input of next stage but the Q output of the last stage is 
connected to the D input of first stage, therefore, the name twisted ring counter. This 
feedback arrangement produces a unique sequence of states. : 

The logic diagram of a 4-bit Johnson counter using D FFs is shown in Fig. 10.68. The 
realization of the same using J-K FFs is shown in Fig. 10.69. The state diagram and the 


seauence table are shown in Fig. 10.70. The timing diagram of a Johnson counter is shown 


in Fig. 10.71. dni f ren 
Let initially all the FFs be reset, 1e. the state of the counter be 0000. After each clock 


pulse, the level of Q, is shifted to Qs, the level of Q to Qz, Q to Q, and the level of Q, 
to Q, and the iugi given in Fig. 10.70 is obtained. This sequence is repeated after 
every eight clock pulses. 
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Fig. 10.69 Logic diagram of a 4-bit twisted ring counter using J-K flip-flops. 


Q, Q, Q, Q, After clock pulse S 
0 


ao oS A a 
cocoas4-400 
Soom es = = 61010) 
oo a Š wt. 015.0 
OOIAMAHLWN 


(a) Sequence table (b) State diagram 


Fig. 10.70 Sequence table and state diagram of a twisted ring counter. 


An n FF Johnson counter can have 2n unique states and can count up to 27 pul 
So, it is a mod-2n counter. It is more economical than the normal ring counter, but lc 
economical than the ripple counter. It requires two input gates for decoding regardless | 
the size of the counter. Thus, it requires more decoding circuitry than that by the noi 


ring counter, but less than that by the ripple counter. It represents a middle ground 
the ring counter and the ripple counter. 


Both types of ring counters suffer from 
itself in an unused state, it will persist in mi 
never find 


EE. 


the problem of lock-out, i.e. if the. counter 
oving from one unused state to another 


à nd its way to a used state. This difficulty can be corrected by adding a gate. 
this addition, if the counter finds itself initially in an unused state, then after a numb 


Ing 
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CLK 


Q, 


Fig. 10.71 Timing diagram of a 4-bit twisted ring counter. 


clock pulses, depending on the state, the counter will find its way to a used state and 
thereafter, follow the desired sequence. A Johnson counter designed to prevent lock-out is 


shown in Fig. 10.72. A self-starting ring counter (whatever may be the initial state, a single 
1 will eventually circulate) is shown in Fig. 10.73. 


CLK EEEH 


Fig. 10.72 Logic diagram of a 4-bit Johnson counter designed to prevent lock-out. 


Fig. 10.73 me diagram of a self-starting ring counter. 
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10.13 PULSE TRAIN GENERATORS 


Pulse trains (i.e. a particular repetitive series of pulses) are required on many occasions. A 
pulse generator or sequence generator is a system which generates, in synchronism with a 
clock, a prescribed sequence of logic bits. These pulse trains or sequences of bits can be used 
to open valves, close gates, turn on lights, turn off machines, or perform any of a variety of 
jobs. Pulse trains can be generated using either direct logic or indirect logic. In direct logic the 
output is taken directly from a FF, whereas in indirect logic, it is taken from a decoder gate. 


Direct Logic 


The output in direct logic is taken from a FF's Q or Q lead; so, the FF is made to go to 
the state desired. The design procedure is: 


l. Inspect the pulse train given and decide the number of unique states and the 
minimum number of FFs required and list the entire sequence in terms of 1s and 
Os. The list may begin anywhere in the train. 

Taking that these 1s and Os will form the least significant bits of the state assign- 
ment, assign unique states to other FFs. If unique states are not possible with the 
least number of FFs n, such that the number of states N € 2", increase the number of 
FFs by one or more to get the unique states. (This is the disadvantage of direct logic.) 


N 


3. Design the counter as usual. The output is at the Q or Q lead of the LSB FF. 


EXAMPLE 10.15 Design a pulse train generator for the waveform shown below. 


m0 Ya} iy 1 107| 1 
Solution 


The pulse train is first copied down as 011101110..., and then an attempt is made to assign 
states using m, ie. two FFs. This does not result in four unique states. Thus, two FFs are 
not sufficient even though there are only four bits in the sequence. So, increase the number 
of FFs by one, i.e. use n + 1, or three FFs as shown in Fig. 10.74a. The state diagram 
is shown in Fig. 10.74b. The excitation requirements are shown in Fig. 10.74c. 


The minimal expressions for excitations of the FFs obtained by drawing the K-maps 
based on the excitation table are: 


H5 Ky- 1; 3:5 Q0; K el; Jc Kye 


From the state diagram we see that the sequence generator is self-starting. The logic 
diagram based on the minimal expressions is shown in Fig. 10.75. 


EXAMPLE 10.16 Design a direct logic circuit to generate the following pulse trains. 


(1) oj 110 o o o oļ1lo 


(2) 110] 1 110] 1. 1|[0 |4 
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FF states FF states Decimal (2) 
LSB sp 
0 0 10; Qi O (=) C) 
0 1 0 0 1 1 
Ju Dd ft SE, (3) 
(d 1 GG 5 
5 
With 2 FFs With 3 FFs 
(a) State assignment (b) State diagram 
PS NS Required excitation 
pa he UO. JD 
Q QQ Q, Qa, J J: J K 
000 001 OK GO 0X T 18 X 
0 0 4 0 a4 ORO ex TX 0 
UNE er M 1 TSX IX 010 Xe Qi 
T^ 091 000 XT TOKE xo 1 
(c) Excitation table 


Fig. 10.74 Pulse train generator (Example 10.15). 


CLK a h shit a E A 


Fig. 10.75 Logic diagram of the pulse train generator (Example 10.15). 


Solution [ a 


The period of each pulse train is six time frames. The sequences are therefore 6-bits long. 
As there are 6 states, the minimum number of FFs required is three. Try to assign the states 
assuming that pulse train (1) is to be available at Q output of FF, and pulse train (2) at the 


Q output of FF,. «| 


It is not possible to assign the states using only three FFs as seen from the state 


assignment table. So, try with four FFs. It is now possible to assign the states. 
assignment and the state diagram are shown in Fig. 10.76a and b, respecti 


excitation requirements “are shown in Fig. 10.766 © 


ter 9^ + 


ively. The 
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Indirect Logic 


à; QQ QQQ : , 
= = x 35 = Sao The block diagram of indirect logic is shown in Fi t 

e E E indirect logic, has the advantage that an ig. 10.78. Generation of pulse trains using 
V osteut 9A ob pO y counter (ripple or synchronous) with the correct 
000 0000 required, n, is such 

9 3 0 1 5 1 0 a 4 must be a sei ote Pn a rea c C 
2 4 0 M ar a a output minimization can be used to reduce ite JORE TELLS a dad 


With 3 FFs With 4 FFs 


(a) State assignment (b) State diagram 


Required excitation 


PS NS 

Q à QGQ 4940 LK 5KN X K J K 

aa OX £020 21 0,D 0,24. OX cl X R 

DEI 13078 Ort ato ^p X 11 X XO Ok 

ON iw 430. HO XD MONON! Q^ XH 90 Mex 

Gb OK 040 eaan d dX von X O0 X O X 

qaos 31/90; 0.3, 21 4510/0 X. 07. 3E XXL One a0 X Fig. 10.78 Block di , ; 
eto oO oro X*1 Xl Xa ami eus lagram of indirect logic. 

(c) Excitation table EXAMPLE 10.17 Generate the following pulse train using indirect logic. 

Fig. 10.76 Multiple pulse train generator (Example 10.16). $ 


x 5 A 1[0]1 1 [0}1 
The design equations for the multiple pulse train generator using J-K FFs obtained by 
drawing the K-maps based on the excitation table and minimizing them are 


4-7QQ, K-Q 
h-2Q, K,-1 
pcd K, = Q; 
J, = Qy Ky 


The logic diagram of the multiple pulse generator based on these equations is shown 
in Fig. 10.77. 


ber of sta 
number of states can form the generator. It is always assured that the number of FFs 
| 


Solution 


The given sequence is 10110. We need five states to generate the above pulse train. So, 
any mod-5 counter can be used. For simplicity, we use a ripple counter. It goes through 
states 0, 1, 2, 3, 4, and 0..., etc. The truth table and the K-map for output f are shown 
in Fig. 10.79. The logic diagram based on that value of f is shown in Fig. 10.80. While at 
state 0, it outputs a 1, i.e. the first bit of the sequence. While at state 1, it outputs a 0, i.e. 
the second bit of the sequence, and so on. States 5, 6, 7 are invalid, so the corresponding 
outputs are don't cares. 


Q 


Sees 75.6 6j3o 
2-2o0o0220o0|9 


Fig. 10.77 Logic diagram of the multiple pulse train generator (Example 10.16). 
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Fig. 10.80 Logic diagram of the pulse train generator (Example 10.17). 


EXAMPLE 10.18 Design a pulse generator using indirect logic to produce the following 
waveforms. 


ol1[o 0|1 1[0 0 0 
ola 3150770 


Solution 


The pulse trains to be generated are: (a) 10011000 and (b) 11111100. These are both eight bits 
long and, therefore, a mod-8, i.e. a 3-bit ripple counter can be used. Let f, and f be the 
outputs of the combinational circuits. The state assignment is shown in the truth table. The 
truth table and the K-maps for outputs f, and f; are shown in Fig. 10.81. The logic diagram 
based on the minimal expressions for f, and f; obtained from K-maps is shown in Fig. 10.82. 


Q 


oooo2oo- 
oo2aa2alc2za 


ania o O O GIP 
2ao2o2ocoo|o 


0 
0 
1 
1 
0 
0 
1 
1 


= UE Po AN f, = Q3, + 0,0, 
(a) Truth table (b) K-maps 


Fig. 10.81 Truth table and K-maps for f, and f; (Example 10.18). 
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10.14 PULSE GENERATORS USING SHIFT REGISTERS 


Shift registers can be used to generate sj 
Á T singl i 
for multiple pulse trains without being fe ae seein pao be used 
tet a e prs ee en nre bis m eser teo 
mr d length is analogous to th i iodi 

analog Prt ise n many applications, the length of the > ml rod: à seis = 
à dui of the repeated bits. Since the generator repeats the pattern pA and over 
gain, nce can be read in a number of ways depending on the startin int. If 
the sequence available at the complementary outputs of the FFs is read, a diffe g point. 
may be obtained. , a different pattern 


A. shift register is quite restrictive in the i 
ti sense that it cannot go from state to 
any » d o MT ios. For example, it cannot go from 01 10 to 0101 directly; it can 
only go to or upon receipt of the next clock pul: in i 
examined to see if it can be generated by shifting. Pr dede d 
The basic structure of a sequence generator is shown in Fig. 10.83. Here m FFs are 
cascaded in the usual manner of a shift register. Type D FFs have been used and the clock 


Combinational 


(b) Block diagram 


(a) Logic diagram 


Fig. 10.83 Basic structure of a sequence generator. 


signal is applied to all FFs. It is similar to a shift register counter but the difference is that 
in a ring counter, only the output of the last FF is given as data input to the first FF, whereas 
in a sequence generator, the logic level of D; is determined not only by Q, but also by the 
output of other FFs in the cascade. That is, 


D, = FQ Qs... Q) 


minimum number of FFs is used. 


sequence is prescribed, generally it will gene to Eae D iid EL. weenie 
i d hand, d s eas 
0.0 1 0,0 ay) 
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sequence for which the sequence length S is a maximum, i.e. 2" — 1. The design procedure 


is ee information of the waveform (or the sequence of bits, if given), decide the 
number of FFs required for pulse generation. The minimum number of FFs required for N 
states is 7 such that N < 2". Convert the waveform to Is and Os. Write the bits in vertical 
order. Form groups of ” bits starting from the top bit and convert them to state numbers 
(decimal) moving down one bit at a time. The procedure is repeated until the cycle is 
completed. If the entire period of the train can be examined without repeating a state, the 
job can be done by n FFs. If there is a repetition of states, try (n + 1) FFs. If repeated 
states still occur, try (” + 2) FFs, and so on. 


EXAMPLE 10.19 Design a pulse train generator using a shift register to generate the 


following waveform 


Solution 


There are seven states. So, the minimum number of FFs required is three. Write the 
sequence 1011110 in vertical form and make groups of three bits starting from the top bit 
and write the states in decimal as shown in Fig. 10.84. 

In 3-bit groups, states 7 and 5 are repeated. So, we cannot get 7 unique states using 
three FFs. Next, make groups of four bits. The states are not repeated, ie. 7 unique states 
can be obtained using four FFs. Make the truth table with the states of the register, and 
the output of the combinational circuit which is to be fed as input to the shift register. For 
each state corresponding to the particular group of four bits, the next lower bit in the 
vertical order represents the output of the combinational circuit. For the first state, i.e. 1011 
(1145), the next lower bit in the column is 1. So, the output of the combinational circuit for 
that state will be a 1. For the next state, i.e. 0111 (7,9), the next lower bit in the column 
is 1. So, the output of the combinational circuit for that state will be a 1, and so on. Form. 
the truth table and the K-map for f—the output of the combinational circuit. The — 


minimization of the K-map and the realization of the logic diagram based on the minimal - 
expression obtained are both shown in Fig. 10.85. 


EXAMPLE 10.20 Design a pulse generator using a shift register to generate the wavefo 
shown below: 


vos ] 


L 
Solution 


The given pulse train is 1011101. There are seven states. So, the minimum number of 


required is three. Make groups of three bi n 
its and form 
As seen from Fig. 10.86, it is n d form the states as shown in 


or four or even five FFs, So, 
table is shown in Fig. 10.87a. 


The minimal expression for f obtained by minimizing the K-map is ^) XR 


f= Qs + WG + QQ, 


iot possible to generate seven unique states 
the required number of FFs is six. The correspon an 
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0 
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1 1 
ü 14 
1 1 
6 
13 
1 1 
5 
10 
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2 
5 
0 0 Emo AN 
5 Q, Q, Q, Q, f 
1 1 ul 1 Db 
Ori disi. 1 
0 0 At $1 01 
Tit) hey 1 
1 1 T AO wc: 
1.104 Ay (Oo ot 
F : DISO Jead 
(a) For three FFs (b) For four FFs (c) Truth Table 


Fig. 10.84 State assignment for the pulse train generator (Example 10.19). 


f= Q,+ Q+ as QQQ, 
(a) K-map (b) Logic diagram 
Fig. 10.85 Pulse train generator (Example 10.19). 


The logic diagram of the pulse generator based on the minimal expression obtained is 
shown in Fig. 10.87b. 


Linear Sequence Generator © i pa o? 


One of the disadvantages of using a shift register as a state generating device is, that it 
seems very difficult to generate very many unique states. There is one type of circuit called 
the linear sequence generator that can generate 2 — | ue States. for.an n-FF shift 
register. It will generate all states except the state number (decimal) 0. The sequence of 
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135 171 1 723 1 746 
14 29 ` 
o 3 0 7 0 0 | 
9 59 | 
- 7 1 14 1 2 1 
1 6 1 13 1 27 1 54 
1 5 1 1 1 22 1 45 
0 43 0 
0 3 0 6 27 
1 1 | 
1 6 1 13 27 55 | 
1 1 
1 $ 1 > 23 ad 
0 
0 pE 7 ? 
1 1 1 1 
1 4 1 1 i 
1 1 1 1 
0 
(a) For three FFs (b) For four FFs (c) For five FFs (d) For six FFs 
f | 
Fig. 10.86 State assignment for the pulse train generator (Example 10.20). 
aAA | 
99 B | 
, E 
Q,0,0,0,0, Q f " 
tora T M 
eee al mee] 
ee eae (Jf be ee * o 
Ohne 2012054. 4 
tare gs 9 3 73 
T3 a Pe FO 0:4 
I X50 4 4 D 
(a) Truth table 


(b) Logic diagram 
Fig. 10.87 Pulse train generator (Example 10.20). 


is no guarantee that any other 7-bit sequence can be generated by this 3-bit Shift 


The expressions for feedback signal i 
le oe gnals for particular lengths of FFs Md 
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-—oo02o02-2o-|o 


econo 3-3 -|> 


(a) Sequence table 


(b) Logic diagram 
Fig. 10.88 Sequence generator using three type D flip-flops. 


Table 10.8 Expressions for feedback signals for Particular lengths of flip-flops 
Shift register 


Expression for 


length feedback sab ce pense 
1 A 11 ASC 
2 AGB 12 AGBOeCeK 
3 A@C 13 AGBOGCOM 
4 AOB 14 ASBSCEM 
5 AOC 15 AGB 
6 AGB 16 AeceDer 
7 AGB 17 ASD 
8 A®E@FOG 18 Aen 
9 AQE 19 A®BOCOF 
10 A®D 20 a AeD 


A linear sequence can be modified to reduce the number of states to any size by using 
the following rules: 


l. Knowing the number of desired states, M, find the smallest number of FFs, 7, 
needed for that number of states, such that N < 2". 

2. Draw the state diagram for a linear sequence generator using n FFs. E 

3. Examine all pairs of states separated by 2" — N — 2 states and locate that pair in 
which the Ae state see Bea conem is an even number and one less than the 
larger state number (decimal). 

4. Find the state number (decimal) that precedes the smaller state number of the above 
pair. Draw an arrow from that state number to the larger state number of the pair. 
This modified state diagram will be the final state diagram of the sequence. 


a oe , a 
EXAMPLE 10.1 Modify a 3-bit linear sequence generator to bus SRI 


Solution LETN | 


It requires three FFs because the state number 0 is rice tar] caro eles i 


foi hd wes . 10. pair of numbers, 
r a 3-bit linear Seu Lodges: Sle monii idt baiko QGE.OT .g 3 
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-N-2-28-4-2*2 states, in which the smaller state number (decimal) 


separated by 2" 
d one less than the larger state number (decimal). 


of the pair is even an 


Renee ss l 
194" 34-0 

qut m. A 

AE $1 | 
ots 1 f=A+B+C=ABC 

(a) Truth table (b) K-map (c) State diagram 


Fig. 10.89 Modification of the linear sequence generator (Example 10.21). 


The following pairs of state numbers separated by two states in between are examined to 
find the difference between their decimal values. 


States 7-2 differ by more than 1. 
States 6-4 differ by more than 1. 
States 5-1 differ by more than 1. ! 
States 2-3 differ by 1. So, this pair fits. 


Draw an arrow from the state before 2, that is state 5 to state 3. The required states 
are, therefore, 765-3. The truth table is shown in Fig. 10.89a. The K-map and its 
minimization are shown in Fig. 10.89b. The value of f, i.e. the output of the combinational — — 
circuit for each state is taken as the next lower bit in the sequence as shown below. a 


Fig. 10.9 i m 
g 0 Modified 3-bit linear sequence generator (Example 10.21). 
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10.15 CASCADING OF SYNCHRONOUS COUNTERS 


We have talked about cascading of ri 
pple counters earli 
of the last stage of one counter debet the input of a In cascaded counters, the output 

next counter. 


When operating synchronou: i 
s counters in d 
use the count enable and the terminal a cascaded configuration, it is necessary to 


some other similar designation, 


IC counters: us to ripple clock or ripple carry out (RCO) on some 


Figure 10.91 shows a mod-10 counter and a mod-8 counter connected in cascade. Th 
le. The 


terminal count (TC) output of counter 1 is connected to the count enable (CTEN) input of 
input o 


CTR DIV 10 


PQQ,  *Q,  *Q, "Qj. °Qe  *Q,  ?Q, 
Fig. 10.91 Mod-80 cascaded counter using mod-10 and mod-8 counters. 


counter 2. The counter 2 is inhibited by the LOW on its CTEN input until counter | reaches 
its last or terminal state when its terminal count output goes HIGH. This HIGH now enables 
counter 2, so that when the first clock pulse after counter | reaches its last or terminal 
count (CLK10) is applied, counter 2 goes from its initial state to its second state. Upon 
completion of the entire second cycle of counter 1 (when counter 1 reaches TC the second 
time), counter 2 is again enabled and advances to its next state. This sequence continues. 
Since the first one is a decade counter, it must | o through 10 complete cycles before 
counter 2 completes its first cycle. In other words, for every 10 cycles of counter 1, 
counter 2 goes through one cycle. Since the second counter is a mod-8 counter, it will 
complete one cycle only after 80 clock pulses. The overall modulus of these two cascaded 


l ocak 
counters is Th 


2 GW T 


if 


J mum ShoUhM Deters n 


10 x 8 = 80 Pilyo 


aia nhé £ RITEN ELA yn ur Wat CALS i in Sy 
Figure 10.92 illustrates how to obtain a 1 Hz signal from a | MHz signal using decade 
counters, " ' ! , be UP SHSRDR. alfubom 3 


4 ibi e eps pulita Nm RI moet to ^T 
EXAMPLE 10.22 Draw the logic diagram usi Rises stim as 
waveform from a 1 MHz clock, = — = 145210 A mh "imam Beaty atin 
s ety OF 71i e iQ us MIMLTIES chee 
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Fig. 10.92 Logic diagram to obtain a 1 Hz signal from a 1 MHz signal using decade 
counters. 


Solution 

To obtain a 10 kHz waveform from a 1 MHz clock, a division factor of 100 is required. 
Two 74LS160A counters must be cascaded as shown in Fig. 10.93. The left counter. 
produces an RCO pulse for every 10 clock pulses. The right counter produces an RCO 
pulse for every 100 clock pulses. 


10 kHz 
RCO |-o 
CTR DIV 10 


Fig. 10.93 Divide-by-100 counter using two 74LS160A decade counters we 
(Example 10.22). m 


Cascaded IC Counters with Truncated Sequences ».uid 


i y - , Mod 
if Be overall modulus (divide-by-factor) is the product of the individual moduli of all the 
Ee counters, the cascading is called full modulus cascading. Often an application 
requires that the overall modulus be less than that which can be achieved by full modi 


nies That is, when a truncated Sequence must be implemented with cascad 


the modulus would be 2!? = 4096. e ) 


Let us assume 
2992). The difference be 


E 
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Fig. 10.94 A divide-by-2992 counter using 74LS161A 4-bit binary counters. 


Fig. 10.94 is to preset the cascaded counter to 1104,9 (450,6) each time it recycles, so 
that it counts from 1104 to 4096 on each full cycle. Therefore, each full cycle of the 
counter consists of 2992 states. 

Notice that the RCO output of the rightmost counter is inverted and applied to the 
LOAD input of each 4-bit counter. Each time the count reaches its terminal value of 4096, 
RCO goes HIGH and causes the number on the data inputs (450,,) to be preset into the 
counter. Thus, there is one RCO pulse from the rightmost 4-bit counter for every 2992 
clock pulses. With this technique, any modulus can be achieved by simply presetting the 
counter to the appropriate initial state on completion of each cycle. 


Counter Applications 


Digital clock 


One of the most common applications of counters is the digital clock—a time clock which 
displays the time of the day in hours, minutes and sometimes seconds. In order to construct 
an accurate digital clock, a very closely controlled basic clock frequency is required. For 
battery operated digital clocks (or watches) the basic frequency is normally obtained from 
à quartz crystal oscillator. Digital clocks operated from the ac power line can use the 50 Hz 
power frequency as the basic clock frequency. In either case, the basic frequency is divided 
down to a frequency of 1 Hz or one pulse per second. Figure 10.95 shows the basic block 
diagram for a digital clock operating from 50 Hz. 


sn a shaping circuit to produce square pulses at the rate 
The 50 Hz signal is sent pU he 1-50 counter which is used to divide the 


H Te es to 0, which triggers the mod-6 counter 
second. After 9 seconds the BCD pas zeera o, 59 seconds, at which point the mod- 
BCD counter is at the 1001(9) count, so that the 


6 counter is at the 101(5) count eles the BCD counter to 0, which in turn, recycles 


display reads 59 s. The next pulse recycl 
the mod-6 counter to 0. 

The output of the mod-6 counter in 
Per minute (the mod-6 recycles every 


the SECONDS section has a frequency of one pulse 
Go's). This signal is fed to the MINUTES section, 
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Fig. 10.95 Simplified logic diagram of a 12-hour digital clock. 


Hours 


1d 


ES 
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which counts and displays minutes from 0 thro’ 


to the SECONDS section and operates in Br sor doi MINUTES section is identical 
The output of the mod-6 counter in the MINUTES MEER. 

per hour (the mod-6 recycles every 60 min). This fipisliefet tu a OM of one pulse 

counts and displays hours from 1 through 12. The HOURS eio i ai section which 

SECONDS and MINUTES section in that it never goes to the 0 slate: Figure 10 lien 


CTR DIV 10 


BCD to 7 SEG 
7449 


9 bf egwd cub S 


To units of hours display To tens of hours display 
Fig. 10.96 Logic diagram for the hours counter and decoder. 


the detailed circuitry in the HOURS section. It includes a BCD counter to count units of 
hours, and a single FF (mod-2) to count tens of hours. Consider that initially os : 
decade counter and the FF are RESET and the decode-12 gate miptideHioMe per 
Counter advances from 0 to 9, and as it recyc Mim qus i-em 
the SET cu ition of Qp. is. i y 

state by the HIGH-to-LOW transition of Qp- . iş in the 0 state and the FF 


bee PT 


Next, the total count advances to lljo and then to 12. In state 12, the Qg output of the 
decade counter is HIGH, the FF is still SET, and thus the decode gate 1 
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Parallel-to-Serial Data conversions 


of 
A group of bits appearing simultaneously on parallel lines is called parallel data. A group 
of bits appearing on a single line in time sequence is called serial data. Parallel-to-serial 
of bits g i 3 4 

conversions, normally accomplished using a counter, provide a binary sequence for the data 


select inputs of a data selector/multiplexer as illustrated in Fig. 10.97. The Q outputs of the — 


ASD | 
Data out — d 


| 
I 
J 


Data in 


0 
1 
2 
3 
4 
5 
6 
7 


Fig. 10.97 Logic diagram of a parallel-to-serial converter. 


mod-8 counter are connected to the data select inputs of an 8-bit multiplexer. The first byt 
of parallel data is applied to the multiplexer inputs. As the counter goes through a bin 
sequence from 0 to 7, each bit, beginning with Do, is sequentially selected and p 
through the multiplexer to the output line. After eight clock pulses, the input data byte 
been converted to a serial format and sent out on the transmission line. When the cou 
recycles back to 0, the next byte is applied to the data inputs and is sequentially con 
to serial form as the counter cycles through its eight states. This process Com 
repeatedly to convert each parallel byte to a serial byte. E 


Frequency counter 


A frequency counter is a circuit that can measure and display the frequency of. à signa 
simplified form for constructing a frequency counter is shown in Fig. 10.98a. It 
a counter with its associated decoder/display circuitry and an AND gate. The 4 
inputs include the pulses of an unknown frequency f, and a SAMPLE pulse 
how long the unknown pulses are allowed to pass through the AND gate into the 


E. cn ji sly fide up of cascaded BCD counters, A decoder/display unit 
utputs into a decimal display fi itori 
pe coni pe play for easy monitoring. + 


ig. 10.98b show that a CLEAR pulse is applied to thi 


0 
tą to start the counter at zero. Prior to t e sample pulse waveform is. L 
AND output Z oe 


is LOW and the counter will not be counting. The sample pulse g0 
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= «AM 
frequency 
kk Sample pulse HEEL 
JL Sample ; E 
pulse CLEAR fl : i 


CLEAR Counter 


Decoder/display z - : t 
B b t t 
(art le aeni 
‘Sampling interval 
(a) ©) 


Fig. 10.98 Basic frequency counting method. 


from f, to ty. This is called the sampling interval. During this sampling interval, the pulses 
of unknown frequency will pass through the AND gate and get counted by the counter. 
After t, the AND output returns LOW and the counter stops counting. Thus, the counter 
counts the number of pulses that occur during the sampling interval, and the resulting 
contents of the counter exhibit the frequency of the pulse waveform. 

The accuracy of this method depends almost entirely on the duration of the sampling 
interval, which must be accurately controlled. — — 


Complete frequency counter 


Figure 10.99a shows a complete fre quency counter circuit. The circuit contains a one-shot 
and a J-K FF operating in Dod mode, in ac ition to the counter, decoder/display and 
an AND gate of the simplified circuit discussed above. The AND gate has three inputs, one 
of which is the FF output, X. The sample pulses are connected to the AND gate and also 
to the CLK input of the FF. M m E $ 

Figure bx ence the waveforms, Assume that X is in the 0 state initially. Since X 
is connected to one input of the gate, the AND gate is disabled. So, the output of the 
AND gate is LOW and, therefore, no pulses are fed to the counter even when the first 
sample pulse occurs between f, and fj. At fr, th egative-going edge of the first seg 
pulse toggles the FF to the HIG state. This positive transition at X triggers is ii cd 
multivibrator, which generates a narrow positive Hepa ss tae ed sakiet 
displays 0. At the positive-going edge of the second sample (at b), ey gate is en 
(since X is now a 1) and allows the "unknown frequency to be NE 
until 44. At the end of the second sample pulse (at t4), the FF cunis OR a aCe K 
edge of the sample pulse. So, the FF output X goes LOW ERTA eae 
Therefore, the counter stops counting. hird sample pulse does no Pip, di s sim d 
because X is LOW. So, til the end of the next sample pulse bth *4 es 
holds and displays the count that it had reached at te At the ; HIGH and ihe operation 
sample pulse (ie. at tẹ), the FF toggles and its output ann [IGH and the oper 
follows the same sequence of events that had begun earlier at 1z. . 


clearing and counting action of the 


unit 
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Fig. 10.99 Frequency counter. 


This frequency counter then goes through a repetitive sequence of clearing to 0, 

counting, holding for display, clearing to 0, counting, and so on. 

Since the display is connected directly to the counter outputs, the display will show the 
counter. This makes it very difficult to read the di lay 

to determine the unknown frequency except at very slow sample intervals. This Bess 

can be solved by inserting a buffer Tegister between the counter and the decoder/display 


SUMMARY 


* A digital counter is a set of FFs 


: whose states change i i 
at the input to the counter. K vr E k^ 
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Counters may be asynchronous coum 


Asynchronous counters are also called ripple co 
In asynchronous counters, 
serial counters, 


hronous counters, 
unters, 


all the FFs do not change states simultaneously. They are 


In synchronous counters, 
counters. 
A counter may be an up-counter or a down-counter or an up/down counter, 


The number of states through which the counter passes before returning to the 
starting state is called the modulus of the counter, 


If the overall modulus is the product of the individual moduli of all the cascaded 
counters, such cascading is called full modulus cascading. 

The LSB of any counter is the bit that changes most often. 

A mod-M and a mod-N counter in cascade give a mod-MN counter, 

In asynchronous counters if the clock frequency is very high owing to accumulation 
of propagation delay, skipping of states may occur. 

In synchronous counters, the propagation delays of individuals FFs do not add 
together. 

Synchronous counters have the advantages of high speed and less severe decoding 
problems but the disadvantage of more circuitry than that of asynchronous counters. 
A counter is said to suffer from the problem of lock-out or is said to be of not self- 
starting type, if it keeps going from one invalid state to another invalid state after 
successive clock pulses and never returns to a normal state. 

Shortened modulus counters may suffer from the problem of lock-out. 

A counter is said to be of self-starting type, if it returns to a valid state and counts 
normally after one or more clock pulses, even if it enters an invalid state. 

A shift register is quite restrictive in the sense that it cannot go from any one state 
to any other state of our choice. 

Shift registers can be arranged as counters or sequence generators. 

A ring counter is also called a basic ring counter or a simple ring At: 

A twisted ring counter is also called a Johnson counter or a switch-tail ring pip 
A synchronous counter in which the output of one counter drives the clock input of 
another counter is called a hybrid counter. 3 A Á 
Pulse trains can be generated using either direct logic qr, indirect egiceor shift 
registers. LS - . us 
In direct logic, the output is taken directly from a FF, whereas in pincers logic it is 
taken from a decoder gate. 


all the FFs change states simultaneously. They are parallel 
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QUESTIONS 


What do you mean by the following? 


(a) Counter (b) Ripple counter 


(c) Asynchronous counter (d) Synchronous counter 


(e) BCD counter (f) Decade counter 


(g) Up/down counter (h) Serial counter 


(i) Parallel counter 


n 


Explain the following terms: 

(b) Maximum modulus 

(d) Presetting a counter 

(f) Enable inputs of a counter 


(a) Modulus of a counter 
(c) Truncated sequence 
(e) Resetting a counter 

3. What is the terminal count of a 4-bit binary counter in the up-mode? In the down- 
mode? What is the next state after the terminal count in the up-mode? In the down- 
mode? 

4. A 4-bit up/down counter is in the down mode and in the 1100 state. On the next clock 
pulse, to what state does the counter go? 

5. A binary counter is in the 1010 state. (a) What is its next state? (b) What condition 
must exist on each FF input to ensure that it goes to the proper next state on the clock 
pulse? 

How many decade counters are required to convert a clock of 10 MHz to 100 Hz? 


Four counters, mod-10, mod-10, mod-8 and mod-6, are connected in cascade. What 
is the modulus of the cascaded counter? 


What do you mean by full modulus cascading? 


With general block diagrams, show how each of the following counters can be 
obtained using a FF, a decade counter and a 4-bit binary counter or any combination 


of these? 
(a) Divide-by-40 counter 
(c) Divide-by-160 counter 
(e) Divide-by-10,000 counter 


(b) Divide-by-32 counter 
(d) Divide-by-320 counter 
(f) Divide-by-1000 counter 
10. What do you mean by the following? 
(a) Decoding a counter 
(c) Active-LOW decoding 


(b) Decoding glitches 
(d) Active-HIGH decoding 


11. How are decoding glitches caused? 
12. What is strobing? 


13. 


16. 


E- 
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What is the maximum modulus of a counter with each of the following number of flip- 
flops? 


(a) 2 oe (c) 6 
(d) 8 (e) 10 

Determine the number of FFs in each of the following counters. 
(a) mod-3 (b) mod-8 
(d) mod-20 (e) mod-32 


(c) mod-14 
(f) mod-150 


A 4-bit binary up/down counter is in the binary state of 0. What is its next state in 
the up-mode? In the down-mode? 


What are the invalid states in the decade counter? In a mod-5 counter? 

With general block diagrams, show how to obtain the following frequencies from a 
| MHz clock using single flip-flops, mod-5 counters and decade counters. 

(a) 500 kHz (b) 250 kHz (c) 125 kHz 

(d) 40 kHz (e) 10 kHz (f) 1 kHz 


A 4-bit ripple counter consists of FFs each of which has a clock-to-Q propagation 
delay of 10 ns. How long will the counter take to recycle from 1111 to 0000 after the 
triggering edge of the clock pulse? 
What do you mean by 'dependency notation"? 
Assume that a 4-bit ripple counter is holding the count 0100. What will be the count 
after 29 clock pulses? 
What flip-flop outputs should be connected to a clearing NAND gate to form a mod- 
11 counter? 
All BCD counters are decade counters. Yes or No? 
What is the difference between the counting sequence of an up-counter and a down- 
counter? 
Describe how an asynchronous down-counter circuit differs from an up-counter 
circuit. 
Explain why does a ripple counter's maximum frequency limitation decrease as more 
FFs are added to the counter? 
A certain J-K FF has fy = 10.ns. What is the largest mod counter that can be 
constructed from these FFs and which still operate up to 10 MHz? 
What is the advantage of a synchronous counter over an asynchronous counter? What 
is its disadvantage? 
What do you mean by a pre-settable counter? BA 
Describe the difference between asynchronous and Lain cg isis 
Describe some applications of counters. 4 

A ; it ripp! le—up-counter 
Draw the logic diagram and the timing diagram of a egies a cn eee 
and down-counter—using (i) positive-edge triggered FFs, (ii) nega 
FFs. 


ti 


Chapter 11 


LOGIC FAMILIES 


11.1 INTRODUCTION 


Because of the advances in microelectronics, the digital IC technology in less than four 
decades has rapidly advanced from small scale integration (SSI), through medium scale 
integration (MSI), large scale integration (LSI), very large scale integration (VLSI), to ultra 
large scale integration (ULSI). The technology is now entering giant scale integration (GSI) 
in which millions of gate equivalent circuits are integrated on a single chip. The use of ICs 
has thus reduced the overall size of a digital system drastically. Consequently, the cost of 
digital systems has also reduced. The reliability has improved as well, because the number 
of external interconnections ‘from one device to another has reduced. The power 
consumption of digital systems has also reduced greatly, hecause the miniature circuitry 
requires much less power. 

ICs have certain limitations too. ICs cannot handle very large voltages or currents and 
also electrical devices like precision resistors, inductors, transformers, and large capacitors 
cannot be implemented on chips. So, ICs are principally used to perform low power circuit 
Operations. The operations that require high power levels or devices that cannot be 
integrated are still handled by discrete components. 

ICs are fabricated using various technologies such as TTL, ECL, and IIL which use 
bipolar transistors, whereas the MOS and CMOS technologies use unipolar MOSFETs. ~ 


11.2 DIGITAL Ic SPECIFICAT'ON TERMINOLOGY 


The digital IC nomenclature and terminology is fairly standardized. The most useful 
specification terms are defined below 


Threshold Voltage 


The thresho 


ld voltage is defined as th 
in the state 


i at voltage at the input of a gate which causes a change 
of the output from one 


logic level to the other. 
Propagation Delay 


A pulse through a gate takes a certain amo 
known as the Propagation delay of the gate, It is the average 
466 


This interval of time is 


"nt of time to propagate from input to output. 
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transition delay time f,4, expressed by 


p, = Ing + fpa 

pd 2 
where fp, ; is the signal delay time when the output goes from a logic 0 to a logic | state and 
‘py is the signal delay time when the output goes from a logic 1 to a logic 0 state (Fig. 11.1). 


V, 


| 
Logic 1 i 
50% + 


Logic 0 


(a) Input pulse : T 


Logic 0 


S i 
(b) Output pulse 


Fig. 11.1 Propagation delay in an inverter. 
Power Dissipation 


Every logic gate draws some current from the supply for its operation. The current drawn 
in HIGH state is different from that drawn in LOW state. The power dissipation, Py, of a 
logic gate is the power required by the gate to operate with 50% duty cycle at a specified 
frequency and is expressed in milliwatts, This means that 1 and 0 periods of the Output are 
equal. The power dissipation of a gate is given by 


Pp = Voc X Icclavg)/n 
where Voc is the gate supply voltage, /cc(avg) is the average current drawn from the supply 
by the entire IC and n is the number of gates in the IC. Now 
I 
yearn pics Balak 


Where Jocy is the current drawn by the IC when all the gates in the IC are in HIGH state, 
and Zec, is the current drawn by the IC when all the gates in the IC are in LOW state. The 


total power consumed by an IC is equal to the product of the power dissipated by each gate 
and the number of gates in that IC. 


Fan-in 


The fan-in of a logic gate is defined as the number of inputs that the gate is designed to handle. 


468 Fundamentals of Digital Circuits 


Fan-out 


The fan-out (also called the loading factor) of a logic gate is defined as the maximum 
number of standard loads that the output of the gate can drive without impairing its normal 
operation. A standard load is usually specified as the amount of current needed by an input 
of another gate of the same IC family. If a gate is made to drive more than this number 
of gate inputs, the performance of the gate is not guaranteed. The gate may malfunction. 


(a) Current sourcing in HIGH state (b) Current sinking in LOW state 


Fig. 11.2 HIGH state and LOW state fan-outs for TTL 7400 NAND gate. 


Fan-out may be HIGH state fan-out, i.e. the fan-out of the gate when its output is a 
logic 1, or it may be LOW state fan-output, i.e. the fan-out of the gate when its output is 
a logic 0. The smaller of these two numbers is taken as the actual fan-out. The fan-out of 
a gate affects the propagation delay time as well as saturation. The driving gate sinks current 
when it is in LOW state and sources current when it is in HIGH state. 


HIGH state fan-out = JOH mex) 


TH 


where /p(max) is the maximum current that the driver gate can source when it is in a 1 
state and Jy is the current drawn by each driven gate from the driver gate. 


Io (max) 
Ty 


LOW state fan-out = 


where [p (max) is the maximum current that the driver gate can sink when its output is 


a logic 0 and /, is the current drawn from each driven gate by the driver gate. Figure 11.2 
depicts the current sourcing and current sinking actions for the TTL 7400 NAND gate. 


Voltage and Current Parameters 


The definitions of voltage and current levels corresponding to the logic 0 and logic 1 states 
are as follows: : 
Vy(min) (HIGH level input voltage). Itisthe minimum voltage level required at the input of 


a gate for that input to be treated as a logi i 
g p gic 1. Any voltage belo s level wi 
accepted as a logic 1 by the logic circuit. peg o 
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Voy(min) (HIGH level output voltage). Itis the minimum voltage level required at the output 
of a gate for that output to be treated as a logic 1. Any voltage below this level will not 
be accepted as a logic 1 output. 


Vj, (max) (LOW level input voltage). It is the maximum voltage level that can be treated as 
a logic 0 at the input of the gate. Any voltage above this level will not be treated as a logic 
0 input by the logic gate. 


Vo.(max) (LOW level output voltage). It is the maximum voltage level that can be treated 
as a logic 0 at the output of the gate. Any voltage above this level will not be treated as 
a logic 0 output. 


Jn (HIGH level input current). The current that flows into an input when a specified HIGH 
level voltage is applied to that input. 


Ij, (LOW level input current). The current that flows into an input when a specified LOW 
level voltage is applied to that input. 


Joy (HIGH level output current). The current that flows from an output in a logic | state 
under specified load conditions. 


To, (LOW level output current). The current that flows from an output in a logic 0 state 
under specified load conditions. 
Figure 11.3 illustrates the currents and voltages in the HIGH and LOW states. 


hs 
=> 
Vs 


(a) HIGH state (b) LOW state 
Fig. 11.3 Currents and voltages in the HIGH and LOW states. 


Noise Margin 


When the digital circuits operate in noisy environment the gates may malfunction if the noise 
is beyond certain limits. The noise immunity of a logic circuit refers to the circuit's ability to 
tolerate noise voltages at its inputs. A quantitative measure of noise immunity is called noise 
margin. Unwanted spurious signals are called noise. Noise may be ac noise or dc noise. A 
drift in the voltage levels of signals is called dc noise. The ac noise is a random pulse caused 
by other switching signals. Noise margin is expressed in volts and represents the maximum 
noise signal that can be added to the input signal of a digital circuit without causing an 
undesirable change in the circuit output. This is an important criterion for the selection of 
à logic family for certain applications where environment noise may be high. 
Figure 11.4a shows the range of output voltages that can occur in a logic circuit. 
Voltages greater than (min) are considered as a logic | and voltages lower than Vo (max) 
are considered as a logic 0, Voltages in the disallowed range should not appear at a logic 
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circuit output under normal conditions. Figure 11.4b shows the input voltage require-ments 
of a logic circuit. The logic circuit will respond to any input greater than Vy(in) as a logic 
l and to any input lower than Vy (max) as a logic 0. Voltages in the indeterminate range will 
produce an unpredictable response and should not be used. 


Voltage Disallowed 


range 


Indeterminate 
range 


(a) Output voltage ranges (b) Intput voltage ranges 


Fig. 11.4 DC noise margins. 
Noise margin may be High state noise margin or Low state noise margin 


High state noise margin (NM) is, Vyy = Voy(min) — Fj(min) 
Low state noise margin (NM,) is, Vy, = Vi (max) — Vo, (max) 
High state noise margin is the difference between the lowest possible high output and 


the minimum input voltage required for a HIGH. Low state noise margin is the difference 
between the largest possible low output and the maximum input voltage for a LOW, 


Operating Temperatures 


The IC gates and other circuits are temperature sensitive being semiconductor devices. 
However, they are designed to operate satisfactorily over a specified range of temperatures. 
The range specified for commercial applications is 0 to 70°C, for industrial it is 0 to 85°C, 
and for military applications it is — 55°C to 125°C. 


Speed Power Product 


A common means for measuring and comparing the overall performance of an IC family 
is the speed power product, which is obtained by multiplying the gate propagation delay by 


energy and is expressed in picojoules, It is the figure of merit of an IC family. Suppose an 
- y 10 ns and an average power dissipation of 


10 ns x 5 mW = 50 x 19-12 watt-seconds = 50 picojoules (pJ) 
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11.3 LOGIC FAMILIES 


Many logic families have been developed. They are: Resistor Transistor Logic (RTL), Direct 
Coupled Transistor Logic (DCTL), Diode Transistor Logic (DTL), High Threshold Logic 
(HTL), Transistor Transistor Logic (TTL), Emitter Coupled Logic (ECL), Integrated 
Injection Logic (IIL), Metal-oxide Semiconductor Logic (MOS), and Complementary Metal- 
oxide Semiconductor Logic (CMOS). Out of these, RTL, DCTL, DTL, and HTL are 
obsolete. The logic families TTL, ECL, IIL, MOS, and CMOS are currently in use. The basic 
function of any type of gate is always the same regardless of the circuit technology used. The 
TTL and CMOS are suitable for SSI and MSI. The MOS and CMOS are particularly suitable 
for LSI. The IIL is mainly suitable for VLSI and ULSI, The ECL is mainly used in superfast 
computers, The logic families currently in use are compared in Table 11.1 in terms of the 
commonly used specification parameters. 


Table 11.1 Comparison of logic families 


Logic family Propagation Power dissipation Noise Fan-in Fan-out Cost 


delay time (ns) per gate (mW) margin (V) 
TTL 9 10 0.4 8 10 Low 
ECL 1 50 0.25 5 10 High 
MOS 50 0.1 1.5 10 Low 
CMOS « 50 0.01 5 10 50 Low 
IIL 1 0.1 0.35 5 8 Very low 


11.4 TRANSISTOR TRANSISTOR LOGIC (TTL) 


The TTL or T?L family is so named because of its dependence on transistors alone to perform 
basic logic operations. It is the most popular logic family. It is also the most widely used 
bipolar digital IC family. The TTL uses transistors operating in saturated mode. It is the fastest 
of the saturated logic families, The basic TTL logic circuit is the NAND gate. Good speed, 
low manufacturing cost, wide range of circuits, and the availability in SSI and MSI are its 
merits, Tight Vee tolerance, relatively high power consumption, moderate packing density, 
generation of noise spikes and susceptibility to power transients are its demerits. 

The TTL logic family consists of several subfamilies or series such as: 

Standard TTL, High Speed TTL, Low power TTL, Schottky TTL, Low power 
Schottky TTL, Advanced Schottky TTL, Advanced low power Schottky TTL and 
F(fast)TTL. 

The differences between the various TTL subfamilies are in their electrical characteristics 
Such as delay time, power dissipation, switching speed, fan-out, fan-in, noise margin, etc. For 
standard TTL, propagation delay time — 9 ns, power dissipation per gate — 10 mW, noise 
margin = 0.4 mV, fan-in = 8, and fan-out = 10. : 

For standard TTL, 0 V to 0.8 V is treated as a logic 0 and 2 V to 5 V is treated as a logic 
L. Signals in 0.8 V to TV range should not be applied as input as the corresponding Tesponse 
Will be indeterminate. If a terminal is left open in TTL, it is equivalent to connecting it to 
HIGH, i.e. + 5 V, But such a practice is not recommended, since the floating TTL is extremely 
susceptible to picking up noise signals that can adversely affect the operation of the device. 
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Two-input TTL NAND Gate 


In the circuit of the two-input TTL NAND gate shown in Fig. 11.5 the input transistor ede RR - » ee perti puer 
is a multiple emitter transistor. Transistor Q, is called the phase splitter. Transistor Q; ‘sits of 34-3, aa preci — ret) oo aad da 
above’ Q, and, therefore, Q, and Q, make a totem pole arrangement, Diodes D, and D. shown 

protect Q, from being damaged by the negative spikes of voltages at the inputs. When 
negative spikes appear at the input terminals, the diodes conduct and bypass the spikes to 
ground. Diode D ensures that Q, and Q, do not conduct simultaneously. Transistor Q; acts 
as an emitter follower 


Totem-pole Output 


In the circuit diagram of the two-input TTL NAND gate, transistor Q; sits above transistor 
Q,. As shown in Fig. 11.6, Q, and Q, are connected in 'otem pole’ fashion. At any time, 
only one of them will be conducting. Both cannot be ON or OFF simultaneously. Diode D 


| RE 1300 
R4 kQ R; = 1.6 kQ 


i 

f 

| 

D | 

Q, | 
OIPVo) y, f 


o 
$ i 
Q, 5 
2.6 ] 
1kQ i 
02 | 
————— 04 — > 
= 0.65 1.35 1.45 15 E 
(a) Circuit diagram (b) 1/0 characteristics ] 
Fig. 11.5 TTL NAND gate. | 
i Fig. 11.6 Totem-pole output. 
When both the inputs A and B are HIGH (+ 5 V), both the base-emitter junctions of Qj i 
are reverse biased. So, no current flows to the emitters of Q,. However, the collector-base ensures this. If Q, is ON, its base is at 0.7 V w.r.t. ground. Q; gets base drive from Q,. 
Junction of Q, is forward biased. So, a current flows through R, to the base of Q,, and Q, tums | So, when Q, is ON, Q, has to be ON. Therefore, its collector-to-emitter voltage is Væ (sat) 
on. Current from Q,’s emitter flows into the base of Q,. So, Q, is turned on. The collector = 0.3 V. Hence, Vy, = Voz = 0.7 V 0.3 V = 1 V. For Q, to be ON, its base-emitter junction + 
current of Q, flows through R, and, so, produces a drop across it thereby reducing the voltage must be forward biased. When Q, is ON, D has to be ON for Q; to be ON simultaneously. 
at the collector of Q;. Therefore, Q, is OFF. Since Q, is ON, Vo is at its low level (Veg (sat). So, the base voltage of Q, must be Vp = Vega(Sat) + Vy + Vass = 0.7 + 0.3 + 0.7 - 1.7 
So, the output is a logic 0, When either A or B. or both are LOW, the corresponding base-emitter V, for it to be ON. Since Vg; is only 1 V when Q, is ON, Q, cannot be ON. Hence, it can 
junction(s) is (are) forward biased and the collector-base junction of Q; is reverse biased. S0, be concluded that Q, and Q, do not be conduct simultaneously. 
the current flows to ground through ^ € F T] : 7V, 
Eh the emitters of Q,. Therefore, the base of Q, is at 0.7 Vs Advant 
> ET =] 
which cannot forward bias the base-emitter Junction of Q}. So, Q, is OFF. With Q OFF, Qs ntages of totent-pole 
does not get the required base drive. So, Q, is also OFF. Transistor Q, gets enough base drive l. Even though the circuit can work with Q, and D removed and R, connected 
because Q, is OFF, i.e since no current flows into the collector of Q,, all the current flows directly to the collector of Q,, with Q; in the circuit, there is no current through 
into the base of Q,, and therefore, Q, is ON 2 


The output voltage, Vo = Voc — Vag — BB R, in the output LOW state. So, 
vel. So, the circuit acts as a two-input NAND dissipation low. 


— 4 
| AL = . 
1 1 w-—. . HE" TI. 


the inclusion of Q, and D keeps the circuit power 
Vp = 3438 V ee 


which is a logic HIGH le 
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2. In the output HIGH state, Q, acts as an emitter follower with its associated low. 

output impedance. This low output impedance provides a M time constant for 
Charging up any capacitive load on the output. This action is commonly referred 
UI SROIRER pull-up and it provides very fast rise time waveforms at TTL Output. 


Disadvantages of totem-pole 


1. During transition of the output from LOW to HIGH, Q, turns off more slowly than 
Qi turns on, and so, there is a period of a few nanoseconds during which both Q; 
and Q, are conducting and, therefore, relatively large currents Mu be drawn from 
the supply. So, TTL circuits suffer from internally generated current transients or 

pikes because of the totem-pole connection. 


2. Totem-pole outputs cannot be wire ANDed, that is, the outputs of a number of 
gates cannot be tied together to obtain AND operation of those outputs. 


Current Sinking 


A TTL circuit acts as a current sink in LOW state (as shown in Fig. 11.7a), in that, it 
receives current from the input of the gate it is driving. Q, is the current-sinking transistor 
or the pull-down transistor, because it brings the output voltage down to its LOW state, 


(a) Current sinking (b) Current sourcing 


Fig. 11.7. Current Sinking and current Sourcing in a NAND gate. 
Current Sourcing 


Circ M z ii (s 7 H 
A TIL Circuit acts as à current source in the HIGH State (as shown in Fig. 11.7b), in that, —— 
pans current to the gate it is driving. Q; is the current-sourcing transistor or the pull- 
up transistor, because it pulls up the output voltage to its HIGH state. 
TTL Loading and Fan-out i 


Th 
al 


d output has a limit, loi (max), on how much current it can sink in LOW state and » 
tor “ou\max), on how much current it can source in HIGH state. To determine the fan- 
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out, we should know the drive capabilities of the output, i.e. Io (max) and loy(max) and 
the current requirements of each input, i.e. ty, and fiy. 


Toy (max) 
Tiny 


HIGH state fan-out = 


lo, (max) 
Hn 


LOW state fan-out — 


The smaller of these two numbers is the actual fan-out capability of the gate. 
LOW state fan-out 


Figure 11.8 shows a standard TTL output in LOW state connected to drive several standard 
TTL inputs. Transistor Q, is ON and is acting as a current sink for an amount of current 
oi, that is, the sum of the currents from each input. In its ON state, Q,'s collector-emitter 
resistance is very small but not zero. So, the current will produce a voltage drop Vor- This 
voltage drop must not exceed the Vj, (max) limit of the IC. This limits the maximum value 
of /o, and, thus, the number of loads that can be driven, that is, low state fan-out. 


HONG 


Fig. 11.8 Circuit to calculate LOW state fan-out. 


Suppose, Q, can sink up to 16 mA before its output reaches Vo,(max) = 0.4 V. 
Suppose / = 1.6 mA. This means that Q; can sink the current from up to 16/1.6 = 10 
loads. If it is Connected to more than 10 loads, Fo, increases above 0.4 V, and so, the noise 
margin is reduced and Vo, may even go to the indeterminate state. 


HIGH state fan-out 


When the TTL output is in a HIGH state, Q; is acting as an emitter follower, that is, 
Sourcing a total current Jop, which is the sum of the Jņ currents of the different TTL inputs 
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as shown in Fig. 11.9. If too many loads are being driven, the current Joy will become large 

dis » d x ; 7 = 7 

enough to cause a large voltage drop across Rz, to bring Von ( = Voc — Vrz — Vers — Vp) 

bel B V. (min). This is undesirable because it reduces the HIGH state noise margin and 
ow Fon! as 


j, to go into the indeterminate range. 


could even cause Ve 


+5V t 


Q,(OFF) HS, | 


Fig. 11.9 Circuit to calculate HIGH state fan-out. 


Suppose Q, can source 0.4 mA of current before Voy falls below Vo,(min), and each 
load receives Jų = 40 pA. This means Q, can source up to 0.4 mA/40 pA = 10 loads. 


Unit load | 


Unit load means the current drawn or sourced back by similar gates. For 7400, 


One unit load = 40 pA in HIGH state = /,,,(max) 
1.6 mA in LOW state = / (max) 


Li 


If the output of 7400 IC is rated at Joy(max) = 800 uA and Zo (max) = 48 mA, then 


HIGH state fan-out = Jou(max) _ 800A 


Ty 40 nA 


= 20 unit loads 


LOW state fan-out = Jou (max) = 48 må; 
Ty. 1.6mA 


7 30 unit loads 


Therefore, the actual fan-out is equal to the smaller of the above two, i.e. 20 unit k 


EXAMPLE 11.1 In Fig. 11.5, the 7400 NAND gate has Voo=+5V and a 5 K 


connected to its output. Find the ou 
i : tput voltage i + ny 
(b) when both the inputs are 0 V, a T nus r 


Logic Families 477 
Solution 


When both the inputs are HIGH, i.e. + 5 V, Q; and Q; are in saturation. When Q; is in 
saturation, its output is Vog(sat) = LOW = 0.3 V. 
When both the inputs are LOW, i.e. 0 V, the output is HIGH (Q, is ON but Q; and Q, 
are OFF.) Therefore, 
Vou = Voc — &(R4) — Veg(sat) — Vp 
= [5 - (oy x 130) - 0.1 — 0.7] V 
= (4.2 - 1305) V 


= Vou 


The load current, Jo, SKA 


Therefore, 


Vo, = |42- —OH_ 
‘OH [ 130x |v 


or 


fu ae = 4.09 V 


500 


EXAMPLE 11.2 In Fig. 11.5, what is the minimum value of the load resistance that can 
be used if the HIGH state output voltage is not be less than 3.5 V? 


Solution 
Vou = 3.5 V = Voc = 130/o4 — Veg(sat) — Vp 
or 
3.5 = (S — 130/94 - 0.1 - 0.7) V 
= (42 — 130/o4) V 
= [+2- 130% 35 | V 
Therefore, 


RES 


EXAMPLE 11.3 Determine the fan-out of the circuit of Fig. 11.10. Also, find its noise margin. 


Solution 


The given circuit is a standard TTL inverter. From the data sheets, Jo.(max) = 16 mA and 
(max) = 1.6 mA. Therefore, 


To, (max) 16 mA 
-out = OL = = = 
Fan-out Bb VEA 10 


1302 5y +5V 


Fig. 11.10 Circuit for Example 11.3. 


t is LOW, Q, is in saturation. Therefore, 


i = Veg(sat) = 0.3 V 


OL 


8 V. Therefore, 


e margin = Vy, = Vy(max) - Vo, = 0.8 V - 0.3 V = 0.5 V 


rmining fan-out 


by the amount of current Q, can sink, when it is in saturation. Let 
(the limiting value). Let /, be the current sunk from each load gale: 


- Vasa) - Vg, (max) — (5—0.75—0.4) V 
4kQ 2 4kQ ul qa 


gate to sink current while keeping Q; in saturation is severely limited 
55°C. This is about 30 mA. So, fan-out can be taken 
Vo. well below the 0.4 V limit, Jo, (max) is limited (o 


less than 16 mA /1 mA = 16. For safety, the fan-out 
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The approximate fan-out may also be calculated as follows: 


Current drawn from each driven gate, /, = Yoo = Vori — Vo, (max) 
4kQ 
_ (5-075-0.4) V 
Led, oe 
Calculate the collector current of Q,. In Fig. 11.10, 
p= Tec = Vosa — Vaga — Vaci 
4kQ 


(5-0.75— 0.75 — 0.7) V 


t 


4 kQ 
28V 
= Fe ^07 mA 
V, 0.7V 
Tes Be ie 
25 Teor A. 


T Voc — Ves 25 Voc — Vaga — Vox. 
E 16 KQ 16 kQ 


(5—07—93yWV. PENA 


Therefore, 
ha = PEG -h = (0.75 + 2.5 - 0.7) mA = 2.55 mA 


The transistor Q4 is in saturation. Therefore, /c, is also saturated. Let /çą be about 4 
to 5 times /,, (worst case), i.e. about 10 to 15 mA. Hence, the fan-out is equal to 10 (the 


worst case). 


11.5 OPEN-COLLECTOR GATES 


The TTL gates may have totem-pole output or open-collector output. In open-collector 
TTL, the output is at the collector of Q, with nothing connected to it, (i.e. pull-up transistor 
Q; and diode D of the totem-pole output are omitted), therefore, the name open collector. 
The open-collector inverter circuit is shown in Fig. 11.11a. In order to get the proper HIGH 
and LOW logic levels out of the circuit, an external pull-up resistor is connected to Voc from 
the collector of Q, as shown in Fig. 11.11b. When Q, is OFF, the output is pulled to Voc 
through the external resistor R. When Q, is ON, the output is connected to near ground 
through the saturated transistor. The value of R must be so chosen that when one gate 
output goes LOW while the others are HIGH, the sink current through the LOW output does 
not exceed the /o,(max) limit. Since the output is pulled to logic HIGH level through a 
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\ + Vec 
Sh 
> Sr 
ZR =F: 
R 
(external) 


(c) ANSI/IEEE notation 


Fig. 11.11 Circuit diagram and logic symbol of open-collector inverter. 


t is called the passive pull-up. The open-collector arrangement is much slower than 
»ole arrangement, because the time constant with which the load capacitance 
this case is considerably larger. (In the case of totem-pole, it is active pull-up, 
is through transistor Q,. The Roy of Q; is very small; so, the charging time 
w and the output rises fast.) The speed can be increased only a little bit by 
er resistance. For this reason, the open-collector circuits should not be used 
ons where switching speed is a principal consideration. 
itional symbols for logic circuits with open-collector outputs are the same as 
»-pole outputs, but the ANSI/IEEE symbology uses a distinctive notation to 
ector outputs. Figure 1l.llc shows the ANSI/IEEE designation for an 
collector output. It is an ‘underlined diamond’. 


Wired AND Operation 


s the outputs of a number of NAND gates may have to be ANDed. This can be 
using two more NAND gates (4 and 5) as shown in Fig. 11.12a. The same 
can be performed by simply tying the outputs of NAND gates 1, 2, and 
12b. This is called wired AND operation, because the AND: operation. 
connecting the output wires together. With this, when any of the gate 
IW state, the common output point also goes LOW as a result of its 
ugh the ON transistor. The common output will be HIGH only yarn 
ts are in a HIGH state. This arrangement has the advantage of Reedley 
red to the conventional arrangement, - 
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wired AND 
*O/P, X = AB - CD - EF 


(a) Conventional AND operation (b) Wired AND operation 


Fig. 11.12 ANDing of TTL gates. 


The totem-pole outputs of gates cannot be wired ANDed, because when one output is 
HIGH and the other LOW and they are wired ANDed, a large current flows from supply 
to ground through Q, of the HIGH-state gate and Q, of the LOW-state gate. This is because 
Q, of the LOW-state gate acts as a very low resistance load on Q, of the HIGH-state gate 
(see Fig. 11.13). This large current can easily damage any of these transistors. The situation 
is even worse when more than two TTL outputs are tied together. The open-collector gates, 
on the other hand, may be wired ANDed without any problem. 

Because of the absence of pull-up transistors, the wired-AND connections significantly 
reduce switching speeds. However, they are useful in reducing the chip count of a system 
when speed is not a consideration. 


Fig. 11.13 Current flow in totem-pole gates when wired ANDed. 
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Tri-state (3-state) TTL 

tri-state configuration. It utilizes the advantage of high 
le configuration and wire ANDing of the open-collector 
It is called the tri-state TTL, because it allows three possible output states; 
and HIGH impedance (Hi-Z). In the Hi-Z state, both the transistors in the 
a d off, so that the output terminal is a HIGH impedance to 
n or floating terminal, that is, neither a LOW 
is not an exact open circuit, but has a 


The third TTL configuration Is the 
speed of operation of the totem-po! 
configuration. 
HIGH, LOW, 
totem-pole arrangement are tume 
In fact, the output is an ope 
the output terminal 
or more relative to ground and Fe. 

inverter is shown in Fig. 11.14a, The tri-state operation is 
basic totem-pole circuit of Fig. 11.5. The circuit has two 
d E is an enable input that can produce the Hi-Z, 


Na 
R, = 1309 A $ 


ground or Voc 
nor a HIGH. In practice, 
of several MQ 


he circuit of a tri-state 


obtained by modifying the 
A is the normal logic input an 


inputs- 


J Enable 
E 
run e 
Ae (b) Traditional symbol 
D; 
X 
mE 
R Y — 
3 = 1kQ Enable 
| (E) 
= me 
Enable (E)o- = 
(a) Circuit diagram (c) ANSVIEEE symbols 
Fig. 11.14 Tri-state TTL inverter. 
The enabled state £. 


With E = 


> circuit operates as a normal inverter because the high voltage at E has no effect 
J In this enabled condition, the output is simply the inversion of logic input A 


on Q, or ( 


The disabled state (Hi-Z) 
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biases diode D, to shunt current away from the base of Q;, and therefore, Q, also turns 
off. With both totem-pole transistors in the non-conducting state, the GE tertial is 
essentially an open circuit. 

There are many ICs that are designed with tri-state outputs. The advantage of the tri- 
state configuration is that the outputs of the tri-state ICs can be connected together without 
sacrificing the switching speed. 

The traditional logic symbology has no special notation for tri-state outputs. Figure. 
11.14c shows, the notation used in the ANSUIEEE symbology to indicate a tri-state output. 
It is a ‘triangle that points downwards’. 


Buffer/Drivers 


Any logic circuit that is called a buffer, a driver, or a buffer/driver is designed to have a 
greater output current and/or voltage capability than that of an ordinary logic circuit. Buffer/ 
driver ICs are available with totem-pole outputs, open-collector outputs, or tri-state outputs. 
Some tri-state buffers also invert the signal as it goes through. They are called inverting tri- 
state buffers. 


11.6 TTL SUBFAMILIES 
Standard TTL, 74 Series 


The standard TTL ICs, i.e. 74 series, offer a combination of speed and power dissipation 
suited for many applications. The 54 series is the counterpart of the 74 series. They are 
functionally equivalent to the 74 series, but can be operated over wider temperature and 
voltage ranges, as required by military specifications. Several other TTL series discussed 
below have also been developed. The standard TTL is now rarely used in new systems. 


Low Power TTL, 74L Series 


The low power TTL circuits, designated as the 74L series, have essentially the same basic 
circuit as the standard 74 series, except that all resistance values are increased (R, = 40 kQ, 
R, = 20 kQ, Ry = 12 kQ, and R4 = 500 Q). The larger resistors reduce the current and, 
therefore, the power requirement, but at the expense of reduction in speed. The power 
consumption of low power TTL is about 1/10 of that of standard TTL, but the standard 
TTL is more than three times faster than the low power TTL. The low power version is 
now not available in 7400 series. Low power Schottky TTL and CMOS versions of the 
7400 series are now widely used instead. 


High Speed TTL, 74H Series 


The high speed TTL circuits, designated as the 74H series, have essentially the same basic 
circuit as the standard 74 series, except that smaller resistance values (R, = 2.8 kQ, Ry = 
760 Q, Ry = 470 Q, and R, = 58 Q) are used and the emitter follower transistor Q is 
replaced by a Darlington pair and emitter to base joining of Darlington pair (Q,- QJ is 
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gh a resistance of 4 KQ. The switching speed of the 74H series 
£g an that of the standard TTL, as also the power 
are superior in both speed and power consumption. 


connected to ground throu 
is approximately two times more th 
consumption. Newer Schottky versions 
Schottky TTL, 74S Series 
TTL, and high speed TTL series operate using saturated 
ning. When a transistor is saturated, excess charge carriers will be stored in the base 

g noved before the transistor can be turned off. So, owing to 
is reduced. The Schottky TTL 74S series reduces this storage — 
time delay by not allowing the transistor to go into full saturation. This is accomplished by 
using à Schottky barrier diode (SBD) between the base and the collector of each transistor, 
Virtually, all modern TTL devices incorporate this so-called Schottky clamp. The SBD has 
a forward voltage of only 0.25 V. The circuits in the 74S series also use smaller resistance 
values to improve the speed of operation. The speed of the 74S series is twice that of the 
74H series. Schottky TTL has more than three times the switching speed of standard TTL, 
e of approximately doubling the power consumption. Figure 11.15 shows the 
ottky TTL NAND gate. 


The standard TTL, low power 


switch 
region and they must be rem 


storage time delay, the speed 


at the expens 
circuit diagram of a two-input Sch 


* Ve] 


Fig. 11.15 Circuit diagram of a two-input Schottky TTL NAND gate: " 


Low Power Schottky TTL, 74LS Series 


e a low-powered, slower-speed version of the 74S series. It pet the 
Dei T2 S n . " 
ped transistor, but with larger resistance values than those in the 
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The larger resistance values reduce the circuit power requirement but at the expense of 
reduction in speed. The switching speed of low power Schottky TTL is about minam s 
that of the standard TTL, but the power consumption is about 1/5 or the dits PTTL. 
The 74LS NAND gate does not use the multiple emitter input transistor. Inst d it us 5 
diodes. This series is replacing the 74 series. Sali ab se tl 


advanced Schottky TTL, 74AS Series 


This series has developed owing to recent innovations in IC design. It provides considerable 
improvement in speed over the 74S series and at a much lower power requirement. It is 
the fastest TTL series and its speed-power product is significantly lower than that of the 
74S series. Its fan-out is larger than that of the 74S series because of its lower input current 
requirement. It is twice as fast and consumes less than half as much power as the 74S series. 


Advanced Low Power Schottky TTL, 74ALS Series 


This is a low power version of the advanced Schottky TTL. This series offers an 
improvement over the 74LS series in both speed and power dissipation. The 74ALS has the 
lowest speed-power product of all the TTL series, and it is very close to having the lowest 
gate power dissipation. 


F(Fast)TTL, 74F Series 


This is the newest and fastest TTL series. Devices in this series have the letter ‘F’ inserted 
in their designations. 

The ALS and AS technologies are the recent enhancements in Schottky TTL circuitry. 
Among other refinements, the advanced Schottky devices are fabricated with an improved 
doping technique and Schottky-clamped transistors provide improved isolation. These enhance- 
ments reduce capacitance and, thus, improve switching times. 

Also, it is a more complex circuit design which uses additional active devices to speed 


up switching, reduce power consumption, and increase fan-out. 
The inverter IC in different TTL sub-families is 7404, 74L04, 74H04, 74LS04, 74AS04, 


74ALS04, and 74F04. 


Typical TTL Series Characteristics 


The typical characteristics of TTL subfamilies are shown in Table 10.2. 


Table 11.2 The typical characteristics of TTL subfamilies 


Performance rating 74 74L 74H 74S 74LS 74AS 74ALS 
Propagation delay (ns) 9 33 6 3 9.5 17 4 
Power dissipation (mW) 10 1 23 20 2 8 1.2 
Speed-power product (pJ) 90 33 138 60 19 13.6 4.8 
Max. clock rate (MHz) 35 3 50 125 45 200 70 
Fan-out (same series) 10 20 10 20 20 40 20 

0.7 0.7 0.5 0.5 


Noise margin (V) 0.4 0.4 0.4 ] 
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EXAMPLE 11.4 Determine the maximum average power dissipation and the maximum 
average propagation delay of a single gate of IC 7400. 


Solution 


From the data sheets of the 7400 NAND IC, the maximum values of /cc and Jec, are 8 mA 


and 22 mA, respectively. The average Zcc is, therefore, 


ma : 8422 » 
Igc(avg) = locu + fer = ee luus = 15 mA 


The average power is obtained by multiplying /cc(avg) by Vcc. These /cc values are 
obtained when Voc has its maximum value of 5.25 V. Thus, we have: 


The power drawn from the complete IC is, Pp(avg) = 15 mA x 5.25 V = 78.75 mW 


Fy(avg) _ 78.75 mW 


= 19.7 mW 
4 4 


The power drain of each NAND gate is, 
The maximum propagation delays for a 7400 NAND gate are 
tery = 22 ns and fpa, = 15 ns 
so that the average propagation delay is 


22:15) ns 
t«(avg) = mL = 18.5 ns 


This is the worst case of maximum possible average propagation delay. 


11.7 INTEGRATED INJECTION LOGIC (IIL OR I?L) 


Integrated injection logic (IIL or I'L) or current injection logic (CIL) is the newest of the 
logic families, which is finding widespread use in LSI and VLSI circuits. It is not suitable 
for discrete gate ICs. The IL logic gates are constructed using bipolar transistors only. The 
absence of resistors makes it possible to integrate a large number of gates on a single 
package. Complete microprocessors can be obtained on a single chip. The FL circuits are 
easily fabricated and are economical. Their power consumption is also low. The speed- 
power product is constant and very small of the order of 4 pJ, comparable to advanced low 
power Schottky TTL. The I'L has, fa = 1 ns, Py = 1 mw, NM = 0.35 V, fan-out = 8 
and the relative cost is very low. ; i 
In ÉL, since the currents are constant, no transients are 
It can easily be integrated on the same chip with bipolar ai 
By programming the injector currents, the propagation dela: 
varied over a wide range. The disadvantage is that 
manufacturing process than those used in MOS. 


produced as in TTL and MOS. 

nalog circuits such as op-amps. 

y and power dissipation can be 

» it requires one more step in its 
ta p a 


m ÜÜÓ 
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PL Inverter 


since discrete gates are not available in IL, the operation of 


; ; an ÉL inverter can be explained 
y considering the inverter of Fig. 11.16a that behaves in t : 


à he same way as an PL inverter. 


* Vcc * Vec 


(a) I'L inverter with LOW input — (b) I'L inverter with HIGH input (c) An actual FL inverter 
Fig. 11.16 IL inverters. 


The P-N-P transistor Q, serves as a constant current source that ‘injects’ current into node 
X. The direction in which the current flows after entering node X depends on the input 
level. A LOW input is a current sink. When the input is LOW, the injected current flows 
into the input, thus, diverting current from the base of Q,. Transistor Q, is, therefore, OFF 
and the output is HIGH. If the input is HIGH, the injected current flows into the base of 
Q, turning it ON and making the output LOW as shown in Fig. 11.16b. Figure 11.16c 
shows an actual PL inverter. The output transistor has two collectors (sometimes three), 
making it equivalent to two transistors with parallel bases and emitters. Thus, it produces 
two equal outputs. Instead of a collector resistor, the outputs are connected directly to the 
inputs of other PL gates. 


PL NAND Gate 


The PL NAND gate shown in Fig. 11.17 is simply an inverter with inputs connected 
directly together at the inverter input. If, either input A, or input B, or both the inputs A 
and B are LOW (current sinks), the injected current flows into those inputs and Q, 
remains OFF (HIGH). If both the inputs are HIGH, the injected current turns de 
making the output LOW. Thus, NAND operation is performed. The transistor Q, : "e 
à current injector transistor, because when its emitter 1s connected to an external p 
source, it can supply current to the base of Qo. 
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FL NOR Gate 


The PL NOR gate shown in Fig. 11.18 is simply two inverters with their outputs conne 

together. If either or both the inputs are HIGH, the corresponding output transistor is s 
and the output is a current sink. So, the output is LOW. If both the inputs are LOW. b h 
the output transistors are OFF, and so, the output is HIGH. This is a NOR ost 


$ * Vec 


Fig. 11.18 Two-input I7L NOR gate. 


11.8 EMITTER-COUPLED LOGIC (ECL) 


Emitter-c e ei So C: i 
= tter panied logic (ECL), also called current-mode logic or current-steering logic, is the 
astest of all logic families because of the following reasons: ' 


l. It is a -Sa 5 
s a non-saturated logic, in the sense that the transistors are not allowed to go 


into saturation. So, storage ti imi 
tion. So, storage time delays are eliminated a e s| 
operation is increased. n, refor i E 


w 


Currents are kept high. i 

gh, and the output impedance is so low ircui 
Duran ee ' E that circuit and stra: 
. apacitances can be quickly charged and discharged. "i" 
3. The limited voltage swing. 


The ECL is a 2 ; 

ue ed E ciue of its use of BJTs that are coupled (joined) at their 
changes from LOW to HIGH, by prevented from going into saturation when the input 
disadvantage of having logic lev y choosing logic levels very close to each other. One 
cuc EE ud opo evels close to each other is that, it is difficult to achieve good 
saturated. But bbc SUME ed consumption is increased since the transistors are not 
ECL gates do not ved y catie carent do earne supply-is mor stay any 
ae not e ce large switching transi i i 
Ed men consumption compared to pde families The ECL ait re 

€ ECL operates inci 1 
than /c(sat) is e ecc d iir mn hine whereby a fixed pisse wa 

; nsistor's collector to anothe i 

r. Because of this current- 
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i< logic form is also referred to as current-mode logic (CML). It is also 
speration, nins lotir (CSL), because current is steered from one device to another. The 
urrent-steering nd widely used as the TTL and MOS, except in very high 


as popular a ; j E 
here its speed is superior. It has the following drawbacks: 


High cost 
Low noise margin 


High power dissipation 
4, Its negative supply voltage and logic levels are not compatible with other logic 
; families (making it difficult to use ECL in conjunction with TTL and MOS circuits). 
5, Problem of cooling 


still, the ECL is used 
cations. The ECL gates can 
re also avai 


ls 
20 
3: 


in superfast computers and high-speed special purpose 
be wired ORed, no noise spikes are generated, and com- 


appl : DER 
qu lable. The important characteristics of ECL gates are: 


plementary outputs a 
Transistors never saturate. So, speed is high with tj, = ] ns. 

Logic levels are negative, — 0.9 V for a logic 1 and — 1.7 V for a logic 0. 
about 250 mV. This makes ECL unreliable for use in heavy 


Bn 


Noise margin is less, 

industrial environment. 

4. ECL circuits produce the output and its compleme 
need for inverters. 

5. Fan-out is large because the output impedance is low. It is about 25. 


nt, and therefore, eliminate the 


6. Power dissipation per gate is large, Pp = 40 mW. 
7. The total current flow in ECL is more or less constant. So, 
be internally generated. 


no noise spikes will 


ECL OR/NOR Gate 
Figure 11.19a shows a two-input ECL OR/NOR gate. Figure 11.19b shows its vo 
h other, Transistors Qz 


characteristics. It has two outputs which are complements of eac! A 
p parallel. Transistors 


and Q,, form a differential amplifier. Ti d Qj are in 
^ plifier. Transistors Qi, and Qip 
Q; and Q, are emitter followers whose emitter voltages are the same as the base — 
and Qs, and Qh is supp’ 


(less than 0.8 V base to emitter drops). Inputs are applied to Qia 
with constant —1.3 V. 
Q M n the inputs A and B are both LOW, i.e. — 1-7 V, t 
1a and Qs, and so, Q, is ON and Qj, and Qip are OFF. The 
ane flowing through Q, puts the collector at about — 09 v. Te aro, 
1 is, at, — 019 CIO PRESENTI ONE , the OR output is LOW. e cune 
8 1.7 V, and so, the P such that this current puts » 


value of R, is such that 


Passing through A, is ve e 
S ry small. The value of A, : = 255 ~ 
collectors of Qu ET Qin at about — 0.1 V. So, the emitter of Q; is at, — 01 0.8 
9 V, that is, the NO is HIGH 
e NOR output is HIGH. are HIGH, the » 


When A is HIGH, or B is HIGH, or both A and B 
4 d `< OFF. So, the 
transistors are ON, because they are more forward biased than Qr, and Q; is OFF. 
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collectors of Q,, and Qg are at - 0.9 V, which makes the NOR output = — 0.9 - 0.8 = 
1.7 V, i.e. a logic 0. Only the small base current of Q; flows through R;. So, the collector 
of Q, is approximately at — 0.1 V, and therefore, the OR output is, — 0.1 — 0.8 = — 0.9 V, 


s a OR/NOR gate. Figure 11.19¢ 


ie. a logic l. This shows that the above circuit works 
shows the logic symbol a two-input ECL OR/NOR gate. 

One advantage of the differential input circuitry in ECL gates is that, it provides 
common mode rejection—power supply noise common to both sides of the differential 
configuration is effectively cancelled out (differenced out). Also, since the ECL output is 
produced at an emitter follower, the output impedance is desirably low. As a consequence, 
the ECL gates not only have a large fan-out, but also are relatively unaffected by capacitive 
loads. Some ECL gates are available with multiple outputs, that are derived from multiple 
emitter transistors in the emitter-follower output. For example, one OR/NOR gate may have 


two OR outputs and two NOR outputs 


-52V 


(a) Circuit diagram (b) VO characteristics 


A X7 Q——NOR 


B —7 2. oR 
(c) Logic symbol 
Fig. 11.19 Two-input ECL OR/NOR gate 


ECL Subfamilies 


There are many EC bf: es, y ifi 
ere are many ECL subfamilies. They differ in characteristics such as propagation delay, 


Pine urinis per gate, and speed-power product. The ECL subfamilies do not include 
as wide a range of general purpose logic gates as do TTL and CMOS families. They do. 


however, include many complex s a 
y special purpose circuits u in hi igi 
transmission, arithmetic units, and memories. p a ve en ms E 
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The first ECL series marketed by Motorola was the MECL-I series 
by MECL-II series. Both these series are now obsolete. The E uia Tow 
MC1600 numbers, the MECLIOK series carrying MC10000 numbers Ne dtt 
MECLIOKH series with MCIOHO00 numbers are in use presently. The Meet Aot Seni 
has a fpa of 1 ns and Pp of 25 mW, giving a speed-power product f ! sd 
weal’ p of 25 pJ (least of all 


wired OR Connections 


The ECL gates are available with open-emitter outputs, that is, with resistors in thi 

emitter followers omitted. The open-emitter outputs can be connected together deen td 
the common emitter output terminal may be connected through an external Miri a 
negative supply voltage (-5.2 V) as shown in Fig. 11.20a to perform a wired OR operation 
The transistors labelled Q, are the output transistors of gates | and 2. i 


B, B, Wired OR 
Wired OR (O/P) 


=0.9 V = 09V] =17V 
-09V  —04V 09v 
-01V -09V -09V 
-PIV —09V 


=3.2V 
(a) Schematic diagram (b) Truth table 


Fig. 11.20 Wired OR operation of ECL gates. 


When the bases of both the transistors are at — 0.9 V, both the transistors conduct and 
make the common emitter voltage to be, — 0.9 V = 0.8 V =- 1.7 V. When both the bases 
are at — 0.1 V, again both the transistors conduct and make the output voltage to be, 
- 0.1 V - 0.8 V = — 0.9 V. When only one base is at — 0.1 V and the other at - 0.9 V, 
the output transistor with — 0.1 V base voltage conducts and makes the common emitter 
voltage — 0.9 V preventing the second transistor from conducting. Hence, the circuit 
provides OR operation. 


Interfacing ECL Gates 


Since ECL logic levels are so different from those of TTL an 
ECL gates with other logic families requires special level. 
translators. Level translators are available in various ECL seri 
ECL with other families. 


d CMOS circuits, interfacing 
shifter circuits called /evel 
es to facilitate interfacing of 
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EXAMPLE 11.5 What are the logic levels at the output of the ECL gate shown in Fig. 11.21? 


Solution 


and 


1.5 kQ 


1.18 kQ 


= 


| -52v 


Fig. 11.21 ECL gate (Example 11.5). 


(a) To calculate the logic levels, the input voltage magnitudes need to be known. Since 


they are not given, assume them to be — 0.8 V (HIGH) and — 1.5 V (LOW). 

V4 ( 1.15 V) is the approximate average of the two input levels. When A = — 0.8 V 

and B = — 0.8 V, or A = - 0.8 V and B = - 1.5 V, or A = — 1.5 V and 
=— 0.8 V, T, is OFF and T, or T,, or both will be ON. Therefore, 


Ve =— 018 V= 0.7 Vo= KSV 


[-15-(-52)] V 


I; = = 
5 LISKO D 
Therefore, 
h 
=] FE x 
1 T+ hp 3.1 mA 


Ve, = 0 — (267 x 3.1 x 10°) = - 0.827 V 
Von = (— 0.827 — 0.7) V = = 1.527 V 
Vo; is the OR output = — 1.527 V (logic 0) 


ge (aa 


(b) 
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When T, is OFF, /; is the small base current of T, given by 


" [0 - 0.7 - (- $2)] d 45V 
?  [300-15x10 (I-h4,)]Q — (300«1500x41)Q. 


D = 0.0728 mA 


Vc; = 0 — (300 x 73) = (= 300 x 0.0728) V = — 0.0218 V 


Therefore, 
Voi = (— 0.0218 — 0.7) V = — 0.7218 V (logic 1) 


When A = — 1.5 V and B =- 1.5 V, both T, and T,, are OFF and T; is ON. 
When T, and T,, are OFF, /, is the small base current of T, given by 

|| p-0or-cs2v 45V 
I = 0.07285 mA 


| [267 + 15 x 105(1 *hg)OQ (267 + 1500 x 41) Q 
Vey = 0 — (0.07285 x 10? x 267) = - 0.0195 V 


Therefore, 
Vo. = — 0.0195 — 0.7 = — 0.7195 V (logic 1) 


Since T, is ON, Vg = = 1.15 - 0.7 = - 1.85 V 


Therefore, 
[1.85 - (— 5.2)] V 
= = 2.84 mA 
fe 118kQ 
and 
1 = 1E = i = 2:84 mA 
Aim pet à 
Therefore, 


Vey = 0 - (2.84 x 107? x 300) = - 0.852 V 
Vo, = = 0.852 = 0.7 = — 1.56 V (logic 0) 


find the Vog of the transistors. 


that its collector is at 
- (- 1.85) = 


To show that the transistors do not saturate, 


When T, is conducting, from the above calculations we see A 
— 0.852 V and its emitter is at — 1.52 V. Therefore Vce — — y 
1 V. Since Vog = 1 V, the transistor is in the active region only. 


E aS Ve 
Similarly, when T, or Tj, or both are ON, Vc, = — 0.847 V and Ye 


Therefore, 
Wa — 0.847 = © 1.5) = * 063 V 


So, the transistor is in the active region only. 
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(c) Noise margins: 
For an ECL gate, the limits of tra 
In the problem, we got logic HIGH as 


nsition region are 1.1 V and - 1.25 V. 
0.7218 V and logic LOW as — 1.52 V, 


Therefore, 
2073 V- (Ll V) = + 037 v 


High level noise margin «1 
1.25 V - (- 1.52 V) = + 0.27 V 


Low level noise margin < 0 = 


These noise margins are typical and not worst case values. 


DE SEMICONDUCTOR (MOS) LOGIC 


d because it uses metal oxide semiconductor field effect 


transistors (MOSFETs). Compared to the bipolar logic families, the MOS families are 
uire much less power, have a better noise margin, 
a greater supply voltage range, a higher fan-out, and require much less chip area. But they 
are slower in operating speed and are susceptible to static charge damage. For MOS logic, 
t= 50 ns, NM = 1.5 V (for + 5 V supply), Pp = 0.1 mW, and fan-out = 50 for frequencies 
greater than 100 Hz and it is virtually unlimited for de or low frequencies. The propagation 
delay associated with MOS gates 1s large (50 ns) because of their high output resistance 
(100 kQ) and capacitive loading presented by the driven gates. 

The MOS logic is the simplest to fabricate and occupies very small space, because it 
basic element—an NMOS or a PMOS transistor. It does not require other 
elements like resistors and diodes, which occupy large space, Because of its ease of 
fabrication and lower power dissipation per gate Pp, it is ideally suited for LSI, VLSI, and 
ULSI for dedicated applications such as large memories, calculator chips, large 
microprocessors, etc. The operating speed of MOS is slower than that of TTL, so, they 
are hardly used in SSI and MSI applications. The greater packing density of MOS ICs 
results in higher reliability because of the reduction in the number of external connections. 

Because of the very high impedance present at a MOSFET’s input, the MOS logic 
families are more susceptible to static charge damage. The CMOS family is less susceptible 
to static charge damage. 

There are presently two general types of MOSFETs—depletion type and enhancement 
ype. The MOS digital ICs use enhancement MOSFE «clusively. The MOSFETs can be 
do Non Ehe SR: Mos modem Moppet circuitry is constructed using 

Paet “i n cg moes eai three times the speed of their PMOS 

Sh Sas E hl bse packing density of PMOS. 
therefore, more economical sat CHOS tk ew eni thansthatinl NE ar ri 
the lowest packing density of all thi eei: Du Wee Jute pte: complexity E 
advantages of higher speed and muck io OS families, but it possesses the important 
SE ce eas a ower power dissipation. The CMOS can be operati 

gh voltage resulting in improved noise margin 


11.9 METAL OXI 
The MOS logic is so name 


simpler and inexpensive to fabricate, req 


requires only one 
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symbols and Switching Action of NMOS and PMOS 


Figure 11.22a shows the circuit symbol of NMOSFET. Fi 

5 . "noi T 1 igui B i i 

as a closed switch when it is ON and Fig. 11.22c itd i ERE GA 7 ods 
ae en it is OFF. nt as an open switch 


D (Drain) 


D 
Vos l | Va 


D 
K— SS (Substrate) | 
-veorüV x 10"n 


G (Gate) 5 tve (> 2V) iko 
n S (Source) P | 
3 s 
(a) NMOSFET (b) ON inum 


Fig. 11.22 Circuit symbol and ON and OFF equivalents of NMOSFET. 


Figure 11.23a shows the circuit symbol of PMOSFET. Fi 

= E d T. Figure 11. i 
equivalent as a closed switch when it is ON and Fig. 11.23c shows iis e uc siiis 
switch when it is OFF. qı lent as an open 


D (Drain) 


za WM w E 


+> SS (Substrate) - 
10 Q 


G (Gate). q =ve(<-2V) $ 1kQ +veor0V 
S (Source 
n isum s s 
(a) PMOSFET (b) ON state (c) OFF state 


Fig. 11.23 Circuit symbol and ON and OFF equivalents of PMOSFET. 


The arrow in the symbols of MOSFETs indicates either P or N channel. In the channel, 
the broken line between the source and the drain indicates that normally there is no 
conducting channel between these electrodes. The separation between the gate and the other 
terminals indicates the existence of very high resistance (10,000 MQ) between the gate and 
the channel. The switch in a MOSFET is between the drain and source terminals. The gate- 
to-source voltage Vos controls the switch. In an N-channel MOSFET, switch closes and 
current flows from drain to source when Jos is positive, and switch opens when Vos is 
negative or zero w.r.t. the source. 


Resistor 


A MOS transistor can be connected as a resistor as shown in Fig. 11.24. The value of the 
resistance presented by a resistor-connected NMOS device depends on the current through 


it. The gate is permanently connected to 5 V, and so, it is always in the ON state and 


the transistor acts as a resistor of value Roy. The load resistor is designed to have a 
Roy of the switching transistor. 


narrower channel, so, its Rox is much greater than the 
Typically, its Roy = 100 KQ. 


a a 
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* Voo 


a 7 


Fig. 11.24 NMOS connected as a resistor. 


NMOS inverter 

11.25 contains two N-channel MOSFETs. Q, is 
hing MOSFET. Qo will switch from ON to OFF 
e considered as resistors and the circuit as 


The basic NMOS inverter shown in Fig. 
called the load MOSFET and Q, the switc 
. These two MOSFETs can bi 


in response to Va 
a potential divider. 


Vout 
+5V 
15V 
Ed +5V +5V +5V +5V 
Ld s 
Vout 400kQ = 100kQ 100 kQ 100 kQ ESOS 
n 
| p Vout Vout Mis Ve (d) VO characteristics 
c| Yi 
š z 1kQ UP OP 


"7 i 10"0 
3 insi a » CREE 
= 1 9 


(c) Equivalent circuit (e) Truth table 


(b) Equivalent circuit 
when V,2 *5V 


when V,=0V 


Fig. 11.25 Circuit diagram and equivalent circuits for various inputs of the NMOS 
inverter. 


(a) NMOS inverter 


+ When V,, = 0 V, Q, is OFF. So, its Rog; = 10'° Q, and the equivalent circuit (b) 
results, Therefore, 


- Vop Rog(Qj) |, — 5x10? 
Rox(Qi) + Rorr(Q2) — 100» 10° + 10'? 


=5V 


out — 


£ ee =5 V, Q; is ON. So, its Roy = 1 KQ, and the equivalent circuit (c) results. 
herefore, 


.. Vpp Rox(Q5) S SZR 
Rox (Qi) + Ron(Q2) 100+1 — 


0v 


out 


ht h Ww Ar Íe c V 
det s that the above circuit acts as an inverter. The I/O characteristics and the 
table are shown in Figs. 11.25d and e, respectively 
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NMOS NAND Gate 


Figure 11.26 shor an NMOS two-input NAND gate and its equivalent circuits for different 

-sible c ations of inputs in terms of resi i 

possible combina resistance values of transistors i F 
s S 1 

Pd n ON and OFF 


10, 
10"0 1kQ 10"0 Im 


(a) Two Input (DALOW  (c)ALOW d 

NMOS NAND gate BLOW i^ HIGH $ pum HIGH 

Fig. 11.26 Circuit diagram and equivalent circuits for various inputs of the NMOS 
NAND gate. 


In the NMOS NAND gate shown, Q, is acting as a load resistor and Q; and Q, as 
switches controlled by input levels A and B, respectively. 
+ When both A and B are 0 V, both Q, and Q; are OFF. So, the equivalent circuit 
(b) results with Var = + 5 V. 
* When A = 0 V and B = + 5 V, Q, is OFF and Q; is ON. So, the equivalent circuit 
(c) results with Vou = + 5 V. 
* When A =+ 5 V and B = 0 V, Q; is ON and Q; is OFF. So, the equivalent circuit 
(d) results with Vy = + 5 V. 


- When A=+5 V and B = + 5 V, both Q, and Q; are ON. So, the equivalent circuit 
(e) results with V, = 0 V. 


Thus, the above circuit works as a positive logic two-input NAND gate. 


NMOS NOR Gate 


uivalent circuits for different 
f transistors in ON and OFF 
NMOS transistor that serves as à load and Q, and 
lled by the inputs A and B, respectively. 


Figure 11.27 shows an NMOS two-input NOR gate and its eq 
Possible combinations of inputs in terms of resistance values 0} 
Positions. Q, is the resistor-connected 
Q; are the switching transistors contro 
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+ When A is LOW and B is LOW, Q, is OFF and Q; is OFF. So, the equivalent circuit 
(b) results with Fau = + 5 V. 
- When A is LOW and B is HIGH, Q, is OFF and Q; is ON. So, the equivalent circuit 
(c) results with Vou = 0 V. 
* When A is HIGH and B is LOW, Q, is ON and Q; is OFF. So, the equivalent circuit 
(d) results with Kou = 0 V. 
+ When A is HIGH and B is HIGH, Q, is ON and Q, is ON. So, the equivalent circuit 
(e) results with Vou = 0 V. 
Thus, the above circuit works as a positive logic two-input NOR gate. The truth table is 
shown in Fig. 11.27f. 


+5V +5V +5V 


100 kQ 100 kQ 


Q 
1 Vus 5V Vou = OV 
V, 
NOR 10"0 10"0 1kQ 


(b) A LOW (c) A LOW 
= BLOW B HIGH 
(a) Two-input 
NMOS NOR gate 
+5V +5V 
100 kQ 100 kQ 
Vaz OV "nm A B œ Omog 
LOW LOW OFF OFF HIGH 
1kn 10"0 1kQ 1kQ LOW HIGH OFF ON LOW 


HIGH LOW ON OFF LOW 
— = HIGH HIGH ON ON LOW 


(d) A HIGH (e) A HIGH (f) Truth table 


BLOW B HIGH 
Fig.11.27 Circuit diagram and equivalent circuits for various inputs of the NMOS 
NOR gate. 


11.10 EE TARY METAL OXIDE SEMICONDUCTOR (CMOS) 


The CMOS logic family uses both P and N channel MOSFETs in the same circuit to realize 
several advantages over the PMOS and NMOS families. The CMOS family is faster and 
meet less power than the other MOS families. These advantages are offset somewhat 
y the increased complexity of the IC fabrication process and a lower packing density. The 
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CMOS can be operated at higher voltages resulting in improved noise immunity. It is widely 
used for general purpose logic circuitry. The CMOS technology has been used to construct 
small, medium, and large scale ICs for a wide variety of applications ranging from general- 
purpose logic to microprocessors. Because of its extremely small power consumption, it is 
uscful for applications in watches and calculators. The CMOS, however, cannot yet 
compete with MOS in applications requiring the utmost in LSI. The CMOS has very’ high 
input resistance. Thus, it draws almost zero current from the driving gate, and therefore, 
its fan-out is very high. Its output resistance is small (1 kQ) compared to that of NMOS 
(100 kQ). Hence, it is faster than NMOS, The speed of CMOS decreases with increase in 
load. In CMOS, there is always a very high resistance between the Vpp terminal and 
ground, because of the MOSFET in the current path. Hence, its power consumption is very 
low. The noise margin of CMOS is the same in both the LOW and HIGH states and it is 
30% of Vpp, indicating that noise margin increases with an increase in power supply 
voltage. So in noisy environments, CMOS with large Vpp is preferred. However, an 
increase in Vpp results in the corresponding increase in Pp. The CMOS loses some of its 
advantages at high frequencies. 

In MSI, the CMOS is also competitive with TTL. The CMOS fabrication process is 
simpler than that of the TTL and it has greater packing density, thereby permitting more 
circuitry in a given area and reducing the cost per function. The CMOS uses only a fraction 
of the power needed even for low power TTL and is, thus, ideally suited for applications 
requiring battery power or battery backup power. The CMOS is, however, generally slower 
than TTL. 


CMOS Inverter 


Figure 11.28 shows a CMOS inverter and its equivalent circuits for different inputs. It 
consists of an NMOS transistor Q, and a PMOS transistor Qo. The input is connected to 
the gates of both the devices and the output is at the drain of both the devices. The positive 
supply voltage is connected to the source of the PMOS transistor Q,, and the source of 
Q, is grounded. 
* When V, = 0 V (LOW), Vos; = — 5 V, and Ves, = 0 V. So, Q, is ON and Q, is 
OFF. Therefore, the switching circuit (b) results with Vau = SRM 
* When V, = + 5 V (HIGH), gs; = 0 V and Vos) = + 5 V. So, Q, is OFF and Q; 


is ON. Therefore, the switching circuit (c) results with V, = 0 V. 


Thus, the above circuit acts as an inverter. 


CMOS NAND Gate 


Figure 11.29 shows a CMOS two-input NAND gate and its equivalent circuits for various 
input combinations. Here, Q, and Q, are parallel-connected PMOS transistors, and Q, and 
Q, are series-connected NMOS transistors. 
- When A 50 V and'B = 0 V, Vos = Voge 7 - 5 V, Voss = Vesa = 0 V^ So, Qi is 
ON, Q; is OFF, Q, is ON and Q; is OFF. Thus, the switching circuit (b) results 
with V, = + 5 V. 


out 
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+ Voo (5 V) 
+ Voo + Voo 
SS f 
Q E DO: 
D; ` H 
Vu Mn 2 OV en d —Ma25V Vn tS Ve- Vou = 0V 
S, : 
Q, - 
P P - 
(a) CMOS inverter (b) (c) 
Fig. 11.28 Circuit diagram and equivalent circuits for various inputs of the CMOS 
inverter. 


* When A = 0 V and B = + 5 V, Vas = — 5 V, Vg; = 9 V, Voss = 0 V, Vosa = 5 V. 
So, Q, is ON, Q; is OFF, Q, is OFF and Q; is ON. Thus, the switching circuit 
(c) results with V, = + 5 V. 

* When A =+ 5 V and B = 0 V, Vosi = 0 V, Veg, == 5 V, Voss = 5 V, Voss = 0 V. 
So, Q, is OFF, Q, is ON, Q, is ON and Q; is OFF. Thus, the switching circuit 
(d) results with V,,, = + 5 V. 

- When A = + 5 V and B = + 5 V, Vosi = Vos; = 0 V, Voss = Vasa = 5 V. So, Qj 
is OFF, Q, is ON, Q, is OFF and Q; is ON. Thus, the switching circuit (e) results 
with V, = 0 V. 


out 


Thus, the circuit works as a two-input NAND gate. The truth table is shown in 
Fig. 11.29f. 


- wed NOR Gate 


Figure 11.30 shows a CMOS two-input NOR gate and its equivalent circuits for various 
input combinations. Here, the NMOS transistors Q, and Q, are connected in parallel and the 
PMOS transistors Q, and Q, in series. 

The operation of the CMOS NOR gate can be explained as follows: 


* When A = 0 V and B = 0 V, Vas = Vos; = — 5 V, Voss = Vos, = 0 V. So, Q, and 
Q; are ON, and Q, and Q, are OFF. Thus, the equivalent circuit (b) results with 
Vi +5 Vz 


out 

E Oc ea * 5 V, Vosi 7 -5 V, Vos; = 0 V, Voss = 0 V, Voss = 5 V. 
So, Q; and Q; are ON, and Q, and Q, are OFF. Thus, the equivalent circuit (c) 
results with V,,,= 0 V. 

* When A= +5 V and B= 0 V, Veg, = 0 V, Vog an5 ai Voss 7 5 V, Vog =0 V. 
So, Q, and Q, are ON, and Q, and Q, are OFF. Thus, the equi al nam 
EX. 29v , equivalent circuit (d) 

* When A = + 5VandB-*5V, V = Von = 0 V Vu 

FF. ; dd Pen » Voss = Voss = 5 V. So, Q 
and Q; v OFF, and Q; and Q, are ON. Thus, the equivalent ciroutti(e) results with 
Vou = 0 ù i - 
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Ds 
| 
D 


. 
Q, 
S, 


(a) Two-input NAND gate 


+ Voo 


A. IBalus Qi Q, Q, ED 


() OV 5V ON ON ON OFF  5V 
() OV OV ON OFF ON ON 5V 
(d) | 5V 5V OFF ON OFF OFF  5V 
(9) |5V OV OFF OFF OFF ON ov 


(f) Truth table 


Fig. 11.29 Circuit diagram and equivalent circuits for various inputs of the CMOS 
NAND gate. 


The above analysis shows that the circuit works as a two-input NOR gate. The truth table 
is shown in Fig. 11.30f. 


Buffered and Unbuffered Gates 


Some metal gate CMOS circuits are available in buffered and unbuffered versions. The Es 
in buffered circuits have CMOS inverters in series with their outputs to suppress switching 
transients and to improve the sharpness of the voltage transition at the output. The gates 
discussed above are unbuffered gates. 


Transmission Gate 


MOS switch. When the switch is open 


A transmission gate is simply a digitally controlled C t x 
3 S dine large. It is used to implement special 


(OFF), the impedance between its terminals is very 
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3) Two-input NAND gate (b) 
pe + 
| 
3E o a E 
] A. B.Q« 9 ONE 
a (b) ov ov ON ON OFF OFF 5V 
| sagst (c) oV 5V ON OFF ON OFF OV 
| i (e) (d) sv ov OFF ON OFF ON OV 
id i Q (e) sv 5V OFF OFF ON ON OV 
ea NS 
| is (f) Truth table 


Fig. 11.30 Circuit diagram and equivalent circuits for various inputs of the CMOS 
NOR gate 


functions. Since the CMOS gate can transmit signals in both directions, it is called a 
ismission gate. It is also called a bilateral switch. It is useful for digital and 
ns. The TTL and ECL gates are essentially unidirectional. 
Figure 11.31 shows the schematic diagram and logic symbols of a CMOS t S 
ate. The NMOS and PMOS transistors are connected in parallel. So, both polarities of input 
be switched, The CONTROL signal is connected to the NMOSFET and its 
s€ connected to the PMOSFET. When the CONTROL is HIGH, the gate of 
PMOSFET Q, is LOW and the gate of NMOSFET Q, is HIGH. If the input (data) is LOW, 
s 0 V and Fs, is positive. So, Q, is OFF and Q, is ON. If the input is HIGH, Ves 
s 0 V. So, Q, is ON and Q, is OFF. Thus, there is always OnE 
rom input to output when the CONTROL is HIGH. 


)g app 


ransmission 
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lc" eben 
Y CONTROL | Switch 
+V i3 ^ L3]. Gar OEET 
CONTROL «—4 I/P Boe CONTROL = ov | Open (OFF) 
| oF Q, UP eo “Veo | Closed (ON) 
(a) Schematic diagram (b) Switch (c) Functional table 
CS c b xi 
INPUT 1 |I- OUTPUT INPUT te OUTPUT P ] 
c c a quen b 
(d) Traditional symbols (e) ANSI/IEEE symbol 


Fig. 11.31 Circuit diagram and logic symbols of the CMOS transmission gate. 


On the other hand, when the CONTROL is LOW, the gate of PMOSFET Q, is HIGH 
and the gate of NMOSFET Q, is LOW. If the input (data) is LOW, Vg, is positive and 
Vas; is 0 V. Therefore, Q, is OFF and Q, is also OFF. If the input (data) is HIGH, Fs, 
is 0 V and gs; is negative. So, again Q, is OFF and Q, is also OFF. Thus, there is no 
conducting path from input to output when the CONTROL is LOW. 

So, we can conclude that when the CONTROL is HIGH, the circuit acts as a closed 
switch and allows the transmission of the signal from input to output. When the CONTROL 
is LOW, the circuit acts as an open switch and blocks the transmission of the signal from 
input to output. The CONTROL acts as an active-HIGH enabling signal. Active-LOW enabling 


is possible, if the CONTROL is connected to the gate of PMOS and CONTROL to the gate 
of NMOS. 

Since the input and output terminals can be interchanged, the circuit can also transmit 
signals in the opposite direction. Hence, it acts as a bilateral switch. 


Open Drain and High Impedance Outputs 


The CMOS logic gates are available with open-drain outputs similar to their TTL counter- 
parts with open-collector outputs. In these devices, the output stage consists only of an N- 
channel MOSFET whose drain is unconnected, since the upper P-channel MOSFET has 
been eliminated. An external pull-up resistor is needed to produce a HIGH state voltage level. 
Like open-collector outputs, the open-drain outputs can be wired ANDed. Figure 11.32a 
shows two inverters at the output of a CMOS gate that are used to provide the buffering. 
As shown in Fig. 11.32b, the open-drain output is obtained by omitting the PMOS transistor 
in the output inverter. Diode D, is connected internally to provide protection from electro- 
static discharge. 
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Voo Voo 


" D, External 
resistor 


A 


|l% & E i 


TU 
J 


jpen-drain output 


Connection to 
logic gate output 


(a) Two-series inverters providing (b) Open-drain output 


output buffering 
Fig. 11.32 Open-drain CMOS inverter. 


interfacing CMOS and TTL Devices 


shifters are available to make devices from different logic 
r. The 74C series of CMOS is compatible pin for pin and 
ame number. 


ed ICs called level 
e with each othe! 
TTL devices having the s 


Specially design 
compatibl 
for function with 


familie: 


function 


CMOS Series 

It was the first CMOS series. The original 4000 series is now the 
4000A series. The 4000B series is an improved version of the 4000A. The 4000B series has 
higher output current capability than that of the 4000A series. The 4000A and 4000B 
he emergence of the new CMOS series. 


4000/14000 series. 


ar 
series are still widely used despite t 
in and function for function with TTL 
|, functions that are available in TTL are 
place some TTL circuits by 
f the 74C series are about 


74C series. This series is compatible pin for p 
devices having the same number. Many, but not al 
also available in this CMOS series. This makes it possible to re 
quivalent CMOS design. The performance characteristics 0 
ie as those of the 4000 series. 

This is an improved version of the 74C series. High speed 
s that of the 74C series) and higher output current capability are its main features. 
ed of the devices in this series is compatible with that of the 74LS TTL series. 
s designed to be voltage 
driven by a TTL output. 


74HC series (High speed series). 


(10 
l 


74 HCT series. This is also a high speed CMOS series and it i 
compatible with TTL devices. In other words, it can be directly 


Operating and Performance Characteristics of CMOS 


Supply voltage. The 4000 and 74C series can operate with Vpp values ranging from 3 to 15 
volts. The 74HC and 74HCT series can operate with Vpp values ranging from 2 to 6 volts. 
has 


Voltage levels. When a CMOS output drives only a CMOS input and as a CMOS gate 
the 


an extremely high input resistance, the current drawn is almost zero and, therefore, 
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output voltage levels will be very close to zei 

: xs l ro for LOW state and V, i 

e] 0 ri Voy(min) = Vpp. Usually, the input voltage levels ae qi thine 

age of Vpp values, for example, V, (max) = 30% of Vos Viy(min) ef op aii 
> = o DD 


Power dissipation. When a CMOS circuit is i 1 
ve t is in a static i lamat 
is extremely small, but it increases with increase in "oio pu i unis per gate 
SN Poo HH IRR power dissipation is only 2.5 nW per gate Wu p zy r^ pod 
increases o nW per gate when Vy = 10 volts. With a Von of 10 V op : , and it 
100 KPPS, power dissipation is 0.1 mW/gate, and at 1 MHz, P, 1 ie Tequency of 
d , Po= 1 mW. 


Noise margins. Since for a CMOS 

À rdi gate, Vo; (max) = 0 V, Voy( min) = 

Ms oi Kom ang Vin(min) is 70% of. Vpp, the low level pim ne piri 
e the same (30% of Vpp) and increase with an increase in the value of V, OF pde, 

the higher values of Vpp result in higher power dissipations rile ae 


Vyn = Vou( min) — Viy(min) = Vpp — 70% of Vp, 


Va, = Vu( max) — Voy(max) = 30% of Vpp - 0 V 


30% of Yop 
30% of Vy. 


Fan-out. The CMOS fan-out depends on the issi i 
ET permissible maximum propagation del: 
low frequencies (< 1 MHz), the fan-out is 50, and for high need pi will ers 


iue pe Ne pen of the CMOS gate increases with increase in Vpp. The 4000 
e = = [ i 

as fpg ns at Vpp = 5 V and f = 25 ns at Vpp = i se i 
results in increase in power dissipation TA Sead HON a t usw 


Unused inputs. The CMOS inputs should never be left disconnected. All CMOS inputs have 
to be tied either to a fixed voltage level (0 V or Vp) or to another input. 


Static charge susceptibility. The high input resistance of CMOS inputs makes CMOS gates 
prone to static charge build-up, that can produce voltages large enough to break down the 
dielectric insulation between the MOSFET gate and the channel. Most of the newer CMOS 
devices are protected against static charge damage by the inclusion of protective zener 
diodes on each input. 


11.11 DYNAMIC MOS LOGIC 


Mao consumption and physical size are the prime design considerations as in digital 
boi an calculators, dynamic MOS logic is usually the family selected to meet these 
ks ments. Each transistor used in a dynamic MOS circuit is identical to the other, and 
each can be fabricated in a very small amount of space on a chip. Consequently, large and 
very large scale integrations are possible. 

In dynamic MOS logie, power consumption is minimized by relying on the inherent 
pue v of the MOS transistors to store logic levels, ie. to remain charged or 
aa page by using clock signals to turn on transistors for very brief intervals of time 

y. The clock signals turn transistors on to allow the capacitance to recharge or discharge 
at periodic intervals. Since a transistor is OFF during most of any given time interval, the 
average power consumption is quite small. 
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The NMOS transmission gate shown in Fig. 11.33a is a fundamental component of 
dynamic logic circuits. Because the NMOSFET is completely symmetrical, the drain and 
source terminals are indistinguishable, i.e. current can flow in either direction. In dynamic 
logic applications, there is a shunt capacitance at each of these terminals identified in the 
figure as C, and C, 


qe eee 


asi ver in 


F 


i Bist 
C, Lo 


(a) By symmetry, terminals 
1 & 2 can serve as either 
drain or source 


(b) When G is LOW the 
transistor is OFF 


(c) When G is HIGH the 
transistor is OFF 


Fig. 11.33 NMOS transmission gate. 


When the gate terminal G is LOW, the transistor will be OFF irrespective of the 
potentials at drain and source, i.c. irrespective of charges on C, and C,, because the gate- 
lo-source voltage may be either 0 or negative. Once the transistor is OFF, it acts as an open 
switch as shown in Fig. 11.33b and the charges on capacitors remain as they are. That is, 
no transfer of charge takes place, and therefore, no signal transmission takes place. 

When G is HIGH, the transistor is ON and acts as a closed switch as showa in 
Fig 11.33c. If capacitors C, and C; are charged to the same level, no transfer of charge 
takes place. But if one capacitor is charged and the other discharged, transfer of charge 
takes place from one capacitor to the other, i.e. the input is transmitted to the output. 


Dynamic MOS Inverter 


Figure 11.34 shows a dynamic MOS inverter. The capacitance shown by dotted lines 
represents the inherent device (interelectrode) capacitance. The 9, and ø, are the control 
signals that are used to control the ON and OFF of Q and Q,. The two together are called 


i Voo 


(a) Schematic diagram 


(b) Equivalent Switching circuit 
Fig. 11.34 Dynamic MOS inverter. 
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a two-phase non-overlapping clock, because % and ø, are never both HIGH at the same 
time. As in the case of a normal MOS inverter, Q, acts as a Switching transistor and Q, 
as a load resistor. The only difference is that, in this case Q; acts as an active load only 
when clock ø is HIGH. The rest of the time (i.e. when 4, is LOW), Q; is OFF and does 
not allow any current to pass through it. The transistor Q; acts as a transmission gate, i.e. 
it transfers charge only when clock Ø is HIGH. The rest of the time (i.e. when É is LOW), 
no transfer of charge takes place. 

When Vi, is LOW, Q, is OFF. When ø, goes HIGH, Q, conducts and C, is charged, 
but when ø, goes LOW, there is no path for C, to discharge, and so, C, remains charged. 
When ø, goes HIGH, this charge on C, is transferred to C;, and so, V,,, goes HIGH. Thus, 
a LOW at the input results in a HIGH at the output. 

Suppose Vi, is HIGH, when 4, goes HIGH, Q, conducts and Q, also turns on. So, C 1 
cannot charge. When ¢ goes HIGH, Q; acts as a closed switch and C; discharges into C}. 
So, Vouw goes LOW. Vou remains LOW when & is LOW. Thus, a HIGH at the input results 
in a LOW at the output, Therefore, the above circuit acts as an inverter. 

The output of a dynamic logic gate is *valid" only when ¢ is HIGH. Thus, we can say 
that the gates are sampled at the frequency of g. A sampled output becomes the input to 
other gates, whose responses become available only at the next sampling time. The 
disadvantage of dynamic logic is the complexity added by the clocking requirements. The 
capacitors need to be recharged periodically so that the charge on the capacitors does not 
decay very much. This process of recharging is called refreshing. The minimum clock 
frequency is, therefore, determined by the amount of time taken by the capacitance to decay 
significantly. A typical period is 1 ms, giving a minimum clock frequency of 1 kHz. 


Dynamic NAND Gate 


Figure 11.35 shows a dynamic two-input MOS NAND gate and its equivalent switching 
circuit. The only difference between this and the static NMOS NAND gate is that, the load 
MOSFET is clocked by ø, and a transmission gate is added at the output and the outputs 
are clocked through the transmission gate by Ø. A : 

When ø, goes HIGH, C, is charged according to the NAND logic of inputs A e B 
and when à, goes HIGH, this charge is transferred from C, to C;. So, the output V, 


follows the NAND logic. i 
When either A is LOW, or B is LOW, or both A and B are LOW, the corresponding 


C, is 
MOSFETs (Q, and Qp) will be OFF and no current passes through them. Thus, C, 
charged ic. gocs HIGH, and this charge on [o is transferred to C, pga Res 
HIGH. Therefore, the output goes HIGH (C, remains discharged after ø, goe: AUR 
Only when both A and B are HIGH, Q, and Qg will tum on when ag pee 
therefore, no current flows through C, and it does not charge and per at gues LOW. 
condition only. When ø, goes HIGH, C, discharges into Cj, and so the outp 
Hence, this circuit works as a two-input NAND gate. 


Dynamic NOR Gate 


Figure 11,36 shows a dynamic two-input MOS NOR 
Circuit. The only difference between this and the static 


te and its equivalent switching 
OS NOR gate is that, the load 
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11.12 INTERFACING 


+ Voo 


al 
PE C 1 
= LEER 


Interfacing me connecting the output(s) of one circuit or system to the input(s) of 
another system with different electrical characteristics. : 


There are a number of logic families, each having its own strong points. In designing 
more complex digital systems, the designers utilize different logic families for different parts 


: of the system in order to take advantage of the strong points of each family. When the 
E : designed parts are assembled, Since the electrical characteristics of different logic families 
B vary widely, interfacing circuits or logic level translators are used to connect the driver 
A H l ats circuit belonging to one family to the load circuit belonging to another family. 
WH Qa 1 | TTL to ECL 
B Is Brus. | The TTL is the most widely used logic family, but its speed of operation is not very high. 
The ECL is the fastest family. In some applications, the rate at which input data is to be 


: handled may be much lower than the rate at which the output data is to be handled. 
(a) Schematic diagram (b) Equivalent switching circuit Therefore, it becomes necessary to interconnect the two different logic systems, such as 
f i TTL and ECL. One such application is in the time division multiplexing of M digital signals 
i MOS NAND gate. à mium E Dexing E £ 
Fig. 11.35 Dynamic g to form a single digital signal. Although, the bit rate of each of the M signals may be handled 
using TTL, the bit rate of the composite signal is M times faster and may require ECL to 
process it. 


ECL to TTL 


Sometimes, the input data is at a faster rate, but the output data is at a slower rate like in 
demultiplexers. An ECL to TTL logic translator will be of use in such cases. 


TTL to CMOS 


— 


As eae 
A H B Ies — 


The MOS and CMOS gates are slower than the TTL gates, but consume less space. Hence, 


à = bu there is an advantage in using TTL and MOS devices in combination. 
(a) Schematic diagram (b) Equivalent switching circuit The input current values of CMOS are extremely pa with m pom tw 
i i capabilities ies. Thus, TTL has no problem in meeting the 
Fig. 11.36 Dynamic MOS NOR gate. cement rem Piet translator is used is raise the level of the output voltage 
of the TTL gate to an acceptable level for CMOS. The arrangement is shown in n: 11.372, 
MOSFET is clocked by ¢, and a transmission gate is added at the output and the outputs Í where the TTL output is connected to a + 5 V source with a pull-up wish shanties 
are clocked through the transmission gate by @. d A and Bod of the iwi. resistor will pet the m ge to approximately 
When ø, goes HIGH, C, is charged according to the NOR logic of inputs , state, thereby providing an adequate - " 
when ø, goes HIGH, this ES Aint Ate ae C, to C. So, the output Vou follows If the TTL has to drive a high voltage CMOS, the pull-up Pastor eae ds 
the NOR logic raise the level of the TTL output to the level of the CMOS input, "n? iP aiu DIU 
When both A and B are LOW, Q, and Qp will be OFF. So, C, charges when ó, goes to voltage levels. In such a case, an open collector buffer can be us 
HIGH and this charge on C, is transferred to C, when ø, goes HIGH, and so, the output a high voltage CMOS as shown in Fig. 11.37b. 
goes HIGH. (C, remains discharged, after ø, goes LOW). 
When either A is HIGH or B is HIGH or both A and B are HIGH, either Qj or Qp/0F CMOS to TTL 


both Q, and Qg will tum on when ø, goes HIGH, keeping C, in the discharged condition 
only. When ø, goes HIGH, the charge on C; is transferred to C,, and so, the output gos 
LOW. Hence, this circuit works as a two-input NOR gate. 1 


d current to satisfy the TTL input 


The CMOS output can supply enough voltage an required for the HIGH 


requirements in the HIGH state, Hence, no special consideration I5 
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+5V 
I 


(b) 


(a) 


Fig. 11.37 TTL to CMOS interfacing. 


state. But the TTL input current requirements at LOW state cannot be met directly. 
Therefore, an interface circuit with a LOW input current requirement and a sufficiently high 
output current rating 1S required, A CMOS buffer serves this purpose. The arrangement is 


shown in Fig. 11.38a. 


CMOS 


(a) (b) 
Fig. 11.38 CMOS to TTL interfacing. 


When a high voltage CMOS has to drive a TTL gate, a voltage level translator that 
converts the high voltage input to a + 5 V output is used between CMOS and TTL as shown 
in Fig. 11.38b 


SUMMARY 


* Propagation delay is the average transition delay time for a pulse to propagate from 
the input to the output of a switching circuit. 


* The fan-in of a logic gate is defined as the number of inputs the gate can handle. 


* The fan-out of a logic gate specifies the number of standard loads the output of a gate 
can drive without impairing its operation. 


+ A standard load is usually defined as the amount of current needed by an input of 
another gate of the same logic family. 


* The noise margin represents the maximum noise signal that can be tolerated by a gate. 

* The power dissipation of a logic gate is the supply power required by the gate to 
operate with 50% duty cycle at a specified frequency. 

* The speed-power product is called the figure of merit of an IC family. It is the product 
of the propagation delay and the power dissipation per gate. 
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The RTL, DTL, DCTL, and HTL logic families are now obsolete. 


The TTL is the most widely used logic family. There are eight TTL subfamilies 


The TTL gates may be totem-pole type or open-collector type or tri-state type 


The totem-pole outputs cannot be wired ANDed whereas open-collector outputs can be. 


A TTL circuit acts as a current sink in the LOW 
State and as a ; 
HIGH state. current source in the 


The TTL is the fastest of all saturated logic families. It is used in SSI and MSI ICs. 


Low power TTL uses large resistors to reduce the power requirements, which 
consequently reduce its speed of operation. 


High speed TTL uses smaller resistors and a Darlington pair in place of Q}, to increase 
its speed. 

The speed of Schottky TTL is higher than that of standard TTL, because in Schottky 
TTL the transistors are not allowed to go into saturation by connecting a Schottky 
barrier diode between the base and the collector of each transistor. 

The totem-pole configuration has the advantages of high speed and low power 
dissipation but the disadvantages are those of generation of current spikes and the 
inability to be wired ANDed. 

In TTL gates, Q; is called the current-sourcing transistor or pull-up transistor because 
it pulls up the output voltage to its logic HIGH level and Q, is called the current-sinking 
transistor or pull-down transistor because it pulls down the output voltage to its logic 
LOW level. 

A tri-state gate has three states—HIGH, LOW, and HIGH impedance state. It utilizes 
the advantages of high speed of operation of the totem-pole configuration and wire 
ANDing of the open-collector configuration. 

The resistor R connected between Vo and + Vec of an open-collector gate which 
pulls the V, to Voc level when Q, is OFF is called the pull-up resistor. 

The IIL has the highest packing density and is mainly suitable for VLSI and ULSI. 
The ECL is the fastest of all logic families and is mainly used in supercomputers. It 
is a non-saturated logic. Its logic levels are negative and complementary outputs are 
available as well. 

ECL gates, which are available in dpen-emitter confi 
The MOS logic is the simplest to fabricate. 


A MOS transistor can be connected as a resistor. 


bs 4 ; ; c 
M i is constructed using NMOS devices because 
ree times e Aa han their PMOS counterparts. 


three times faster and two times denser t i es " 
The MOS is ideally suited for LSI/VLSI/ULSI and for dedicated applications suc 
large memories, large microprocessor chips, etc. 


The MOS digital ICs use enhancement MOSFETs exclusively. 


The CMOS uses both N-channel and P-channel MOSFETs in the same circuit. 


i i wer. 
The CMOS requires the least power, whereas the ECL requires ME ADRES 


guration, can be wired ORed. 


* The CMOS is faste 


* The CMOS logic gates are av 
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ed for battery-powered circuits. 
the lowest packing density of the MOS 
antages of higher speed and much less 


The CMOS is ideally suit 
The CMOS has the greatest complexity and 
families, but it possesses the important adv: 
power dissipation. 
The CMOS can be operated at high voltage resulting in improved noise margin. 
The CMOS inputs should never be left disconnected. All CMOS inputs should be tied 
either to a fixed voltage level (0 V or Vpp) or to another input. 

The speed of the CMOS gate increases 
The noise margin of CMOS gates is 30 


preferred in noisy environments. 
ncies, the CMOS loses some of its advantage 


with increase in Vpp- 
% of Vpp. Therefore, they are very much 


At higher freque: s over the other logic 


families. 
The fan-out of CMOS gates depends on the 
delay. The propagation delay of a CMOS 


maximum permissible value of the propagation 
gate increases with increase in load. 
delay of the driving circuit by 3 ns, 


Each CMOS load increases the propagation 
pF load to ground. 


because each CMOS input typically presents a 5 
The CMOS has large fan-out because of its low output resistance. 

r than NMOS because of its smaller output resistance than that of 
the MOS. 

ailable with open-drain outputs, similar to their TTL 


counterparts with open-collector outputs. 


+ The open-drain CMOS gates can be wired ANDed. 


- A transmission gate is simply a digitally-controlled CMOS switch. It is a bilateral 
device. 

- Both NMOS and PMOS are more economical than CMOS because of their greater 
packing density than that of CMOS. 
When power consumption and physical size are the prime design considerations, as 
in digital watches and calculators, the dynamic MOS logic is preferred. 

+ Interfacing means connecting the outputs of one circuit or system to the inputs of 
another system with different electrical characteristics. 


. Level shifters are specially designed ICs which are used to make devices from 
different logic families compatible with each other. 


QUESTIONS 


1. Explain the following terms with reference to a gate: (a) propagation delay, (b) fan-in, 
(c) fan-out, (d) noise margin, and (e) speed-power product. 
What do you mean by a standard load? 


w 


Name the different technologies that are used to manufacture ICs. 
4. What are the merits and demerits of the TTL family? 


NNN NNNNNNN 
an 


hz 
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ame the outputs which can i 

Find the logic output of a TTL Meme AA ^ P hiehacsanot be 
What are the two acceptable ways to handle unused : hod ir unconnected. 
When does a TTL circuit act as a current source? d -— m = 
Name the three types of TTL gates. : velvmde 

Which TTL series is most sui 

TERRE M suitable for a battery-powered circuit operating at 10 MHz? 
Why shouldn't logic devices with totem-pole outputs be wired ANDed? 

How do open-collector outputs differ from totem-pole outputs? 

Why do open-collector outputs need a pull-up resistor? 

Why are open-collector outputs generally slower than totem-pole outputs? 
What factors are involved in determining the value for the pull-up resistor? 
What are the three possible output states of a tri-state IC? 

Why is low power TTL slower than the standard TTL? 

What do you mean by Schottky TTL? Why is it faster than the standard TTL? 
Which TTL series is the most suitable at high frequencies? 

What are the characteristics of the ECL family? 

Which is the non-saturated logic? 

Which logic gives complementary outputs? 

Which logic is preferred in superfast computers? 

What determines the fan-out limitations of the MOS logic? 

Why does the MOS family mostly use NMOS devices? 

Why are MOS ICs especially sensitive to static charge? 

What precautions need to be observed in the design and handling of MOS ICs? 
What factors limit CMOS fan-out? 

Which CMOS series are compatible pin for pin with TTL? 

What should be done with unused CMOS inputs? 


Describe what happens to each of the following CMOS characteristics as Vpp is 
increased? (a) noise margin (b) power dissipation (c) switching speed 

In which application is CMOS ideally suited? 

Which special CMOS circuit has no TTL or ECL counterpart? 

What do you mean by a transmission gate? 
Describe the operation of a CMOS bilateral switch. I 
Compare the following technologies: 

(b) TTL and MOS 

OS with respect to fan-in, 


s there any TTL bilateral switch? 


(c) MOS and CMOS 


(a) Bipolar and CMOS 


Compare TTL, ECL, IIL, MOS and CM 
margin, t, and Pp. i B 


fan-out, noise 
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What are the merits and demerits of various logic families? 


What do you mean by dynamic MOS logic? When is it preferred? 


What do you mean by interfacing? F 
Which is the fastest logic family? The slowest family? 

Which family has the highest packing density? The lowest packing density? 
Which logic is the simplest to fabricate? The mos 
Which logic family is suitable for SSI and MSI? For LSI and VLSI? For VLSI and ULSI? 


es the least power? The maximum power? 


t complex to fabricate? 


Which logic family consum 
With the help of neat circuit diagrams, explain the working of: 
(a) A two-input TTL NAND gate 

(b) A two-input ECL OR/NOR gate 

(c) IIL NAND and NOR gates. 

With the help of a neat circuit diagram, explain the working of: 
(a) A MOS inverter j 
(b) A two-input MOS NAND gate | 
c) A two-input MOS NOR gate 


With the help of a neat circuit diagram, explain the working of: 


(a) A CMOS inverter 
(b) A two-input CMOS NAND gate 
c) A two-input CMOS NOR gate 


When NAND gate inputs are tied together, they are always treated as single load on 
the signal source. True or False? 


True or False? 

(a) The CMOS is faster but consumes more power than MOS families do. 
(b) The CMOS can pack more circuits on a chip than TTL can do. 

(c) The CMOS devices are ideal for battery-operated circuits. 

(d) In a CMOS inverter, both MOSFETs are ON at the same time. 


True or False? 


(a) In ECL, the high speed of operation is obtained by preventing saturation of transistors. 
(b) ECL circuits usually have complementary outputs. 

(c) The noise margins for ECL circuits are larger than those for TTL circuits. 

(d) ECL circuits do not generate noise spikes during state transitions. 

(e) ECL devices require less power than that by standard TTL. 

(f) ECL can be easily used with TTL. 


m 


Chapter 12 


SEQUENTIAL MACHINES 


12.4 INTRODUCTION 

Switching circuits are of two types—combinational and sequential. Combinational circuits 
are those in which the output at any instant is the function only of the present circuit in e 
Sequential circuits are those in which the output at any instant is the function not ina of 
the present inputs to the circuit but also of the present state (i.e. the past history or inei 
information at that time) of the circuit. A combinational circuit gives the same output at any 
time for identical input conditions (because these circuits do not have memory), whereas 
for identical input conditions, a sequential circuit may give different outputs at different 
instants of time (because these circuits have memory). Logic gates are combinational 
circuits. The traffic light system and the lock on a safe which remember not only the 
combination numbers but also their sequence, are examples of sequential circuits. Sequential 
circuits may be of asynchronous or synchromous type. In synchronous sequential circuits, 
there is a master oscillator that provides regular timing pulses. The only time that events 
are permitted to occur, is during one of these timing pulses. Except for propagation delays, 
the circuit is inert at other times. Magnetic tape reader and synchronous counter are 
examples of synchronous systems. In asynchronous systems, events occur after the 
previous event is completed. There is no need to wait for a timing pulse. The ripple counter 
is an example of this system. 


12.2 THE FINITE STATE MODEL 


A finite state machine is an abstract model describing the synchronous sequential machine 
and its spatial counterpart, the iterative network. The behaviour of a finite state machine is 
described as a sequence of events that occur at discrete instants designated as ¢ = 1, 2, 3,» 
etc. Suppose that the machine has been receiving input signals and also responding by 
producing output signals. If, now at time /, we were to apply an input signal x(t) to the 
machine, the response z(r) would depend on x(t) as well as on the past inputs to the 
machine, and since a given machine might have an infinite varieties of possible histories, it 
would need an infinite capacity for storing them. Since in practice, it is impossible to 
implement machines which have infinite storage capabilities, we will concentrate on those 
machines whose past histories can affect their future behaviour only in a finite number of 
ways. These are called the finite state machines, that is, machines with a fixed number of 
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among a finite number of classes of input histories, 
rred to as the internal states of the machine. Every 
a finite number of-memory devices. 

agram of a synchronous sequential machine. The 
The signals entering the circuit via these 


These machines can distinguish 


states. s 
are refe 


These classes of input histories 
finite state machine, therefore, contains 

Figure 12.1 shows the schematic di i 
circuit has a finite number / of input terminals. 


JOE pulse 


Fig. 12.1 Block diagram of a finite state model. 


terminals constitute the set [xj X»» X» xj] of input variables. Each input variable may take 
one of two possible values, a 0 or a 1, An ordered I-tuple of 0s and Is is an input 
configuration. The set p of all possible combinations of / inputs, 1.¢. p = 2! is called an input 
alphabet I, and each one of these configurations is referred to as the symbol of the alphabet 


TESTED 
utput terminals which define the set 


ble is a binary variable. An ordered 
ordered m-tuples is called 


Similarly, the circuit has a finite number m of o 
Zi Zi z,] of output variables. Each output varia 
[Zi 22 23 : D 
m-tuple of Os and 1s is an output configuration. The set ofq-2 
the output alphabet and is given by 

O = [0;, 05, 05.0] 


Each output configuration is called a symbol of the output alphabet. 

The signal value at the output of each memory element is referred to as the state 
variable and the set [yj Ya.V] constitutes the set of state variables. The combination of 
values at the outputs of k memory elements yj, y... defines the present internal state or 
the present state of the machine. The set S of n = 2*, k-tuples constitutes the entire set of 
states of the machine. 


$2 [$5 S3 515,87] 


The external inputs x}, x,,.,x, and the values of the state variables yj, Ya» Ji; 8m 
supplied to the combinational circuit, which in turn produces outputs Zy» Z5. 2m and the 
values Y,, Y Y,. The values of the Ys which appear at the output of the combinational 
circuit at time ¢ determine the state variables at time ¢ + 1, and therefore, the next state of | 
the machine. m 

Synchronization is achieved by means of clock pulses. The clock pulses may be applied 
to various AND gates to which input signal is applied. This allows the gates to transmit 
signals only at instants which coincide with the arrival of clock pulses. E 
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State Diagram 


The state diagram. or state graph is a pictorial representation of the relationshi 

present state, the input, the next state, and the output of the finite state deri ips among the 
The vertices of the graph represent the states of the machine. The direct pim machine. 
from each vertex indicate the state transitions caused by various input abil EU 


on the directed arc indicates the input s 
5 symbol that causes thi iti 
symbol that is to be generated. ích 


State Table 


The state table is a tabular representation of the relationship between the present state, the 
input, the next state, and the output. Each column of the state table corresponds to one input 
symbol, and each row of the state table corresponds to one state. The entries p eid 
to each combination of the input symbols and the present state specify the output that will 
be generated and the next state to which the machine will go. If there are p input symbols 
and n states in the state table of a machine, then such a machine can in practice be realized 
by a circuit with / = [log;p] input terminals and k = [log; ] memory elements where [g] 
is the smallest integer larger than or equal to g. 

Both the state diagram and the state table contain the same information and the choice 
between the two representations is a matter of convenience. Both have the advantage of 
being precise, unambiguous, and thus, more suitable for describing the operation of a 
sequential machine than that by any verbal description. 

The succession of states through which a sequential machine passes and the output 
sequence which it produces in response to a known input sequence, are specified uniquely 
by the state diagram or by the state table and the initial state. The initial state refers to the 
state of the machine prior to the application of the input sequence and final state refers to 
the state of the machine after the application of the input sequence. 

The state of a memory element is specified by the value of its output, which may 
assume either a 0 or a 1. The present state of the sequential machine indicates the present 
outputs of the memory elements used in the machine. The next state of the machine 
indicates the next outputs of the FFs that will be obtained when the present inputs are 
applied to the machine in the present state. The process of assigning the states of a physical 
device to the states of the sequential machine is known as state assignment. The output 
values of the physical device are referréd to as state variables. 


Transition and Output Table 


The ‘transition and output table can be obtained from the state table by modifying the entries 
of the state table to correspond to the states of the machine, in accordance with the selected 
state assignment. In this table, the next state and output entries are separated into two 


sections. 

The entries of the next state part of this table define the necessary state transitions of 
the machine and, thus, specify the next values of the outputs of the FFs used. The next 
state part of the state table is called the transition table. The output part of the table 
indicates the output of the sequential machine for various input combinations applied to the 


machine, which is in the present state. 
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Excitation Table 


The excitation table of a sequential machine gives information about the excitations or inputs 
required to be applied to the memory elements in the sequential circuit to bring the sequential 
machine from the present state to the next state. It also gives information about the outputs 
of the machine after application of the present inputs. The minimal expressions for the 
excitations of the FFs and outputs of the machine can be obtained by minimizing the 
expressions obtained from the excitation table using K-maps. The circuit can be realized 


using these minimal expressions. 


42.3 MEMORY ELEMENTS 


The various memory elements used in sequential machines are—D flip-flop, T flip-flop, 
S-R flip-flop, and J-K flip-flop. Each FF can store only one bit of information, i.e. a 0 or 
a 1. So, only one state variable is required to represent the output. Each FF has two states 
and both the states are stable, which implies that each FF can remain in any state indefinitely 
until it is directed by an input signal to do otherwise. The input signals to the FFs may be 
pulses or voltage levels, while the output signals of FFs are usually voltage levels. 


D Flip-flop 


The excitation requirements, the excitation table together with the logic symbol of the D flip- 
flop are shown in Fig. 12.2a to c. 


Circuit change Required Present Input Next 
From To input state (PS) to FF state (NS) 
Qt Qt) Dit) Qt — D() Qt) D Q 
0 0 0 0 0 0 
0 1 0 1 1 o—e» FF 
1 0 0 1 0 gnat» GEK 
1 1 1 1 1 1 Q 


(a) Excitation requirements (b) Excitation table 


D20 DE 
0 0,0 tes 
1 0,0 dp 
(e) State table 
1 
0 


(f) General state diagram 


(g) K-map for Q(t+1) 
Fig.12.2 D flip-flop. 


m 


(h) Moore model 
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The state diagram and the state table are shown in Fig. 12.2 1 
This state diagram is known as the Mealy model. Each ma in Reden e ii 


rticular state of the flip-flop (0 or 1). The labels on the arcs indicate the m represents 


DE input/output, 


» the input that is given when the FF is in a particular s : 
Pon pint of arrows point to the next ud the FF i ae VOCE output. 
if initially the FF is in a 0 state, a 0 input keeps the FF in the same Pai cem 
takes the FF to a 1 state. If initially the FF is in a 1 state, a | input keeps th pies 
same state, Whereas a 0 input takes the FF to a Ò state. ie 

The general state diagram, the K-map for the next state and the Moore model of the 
state diagram are shown in Fig. 12.2(f) to (h), respectively. In the general state diagram 
S, and 5; represent the states of the FF and I, and I, correspond to the input eem 
In the Moore model, the state code and the value of the output are written inside the circle. 
The directed line joining one node to the other, or looping back to the same node, has the 
value of the input written beside the line. In other words, each arc is labelled with the input 
condition that causes the transition and the circle contains the code for the internal state and 
the output state. 

From the K-map we see that the next state of the D FF, Q(t +1), can be expressed in 
terms of its present state O(t) and the present excitation D(i) as 


Qu + 1) = DO 


T Flip-Flop 


The T flip-flop toggles, i.e. changes state whenever the T input is à 1, and remains in the 
same state whenever the T input is a 0. The excitation requirements, the excitation table, 
and the logic symbol of the T FF are shown in Fig. 12.3a to c, respectively. The state 
diagram and the state table are shown in Fig. 12.3d and e, respectively. 


LL A 
Circuit change Required Present Input Next 
From To input state (PS) toFF state (NS) 


Qi a) TO ap Tp Qt) men 
0 0 0 0 0 0 ee LE 
0 1 1 0 1 1 CLK H 
1 0 1 1 0 1 a 
1 1 0 1 4 0 
jc symbol 
(a) Excitation requirements (b) Excitation table (gres 
—— 
NS, OP 
eS al 


Co { [C PT 


(d) State diagram 
Fig.12.8 T flip-flop. 
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map for the next state of the T FF in terms of the present state Q(r) and 


Drawing the K- i 
tas shown in Fig. 12.4, the next state Q(t + 1) is 


the present input 7U) and simplifying i 
Qu + 1) = Q(TU) + QuT()- Qu e TQ) 


Fig. 12.6 K-map for Q(t + 1) of S-R flip-flop. 


J-K FLIP-FLOP 


The excitation requirements, the excitation table and the logi 

citati gic symbol of the J-K FF are 

shown in Fig. 12.7a to c, respectively. The state diagram and the stat i 
; e tabl 

own i ee le are shown in 


Fig. 12.4 K-map for Q(t + 1) of T flip-flop. 


——Á————m EE 
Circuit change Required Present Inputs Next 
- From To inputs state (PS)  toFF state (NS 
S-R Flip-flo — u stata. (PS) SORE aes) 
pop, Q() alti) (0 KW Q(t) Jt) K() Q(t+1) 
The excitation requirements, the excitation table and the logic symbol of the S-R FF are 0 0 One 0 0 "6 NL 
shown in Fig. 12.5a to c, respectively. The state diagram and the state table are shown in | d S t x 0 0 1 0 
Fig. 12.5d and e, respectively. à à X MG á : s : 
1 0 0 1 
1 0 1 0 
Present Inputs Next 1 1 0 1 
state (PS) — to FF state (NS) 4 4 1 ó 
Circuit change Required Q(t) S(t) R(t) A(t+4 
From — To inputs 0 0 0 0 (a) Excitation requirements (b) Excitation table (c) Logic symbol 
Qt Qe) S Rit) 0 0 1 0 
0 D; NSSDISEOS 0 4m 4 A 
z 1 NN 1 0 0 1 | PS NS, O/P 
1 b. 91079 1 4 E 0 00/0 Cen Tes JK JKJKJK 
1 1 X 0 1 1 0 1 01/0 10/1 00011011 
0 00 001111 
(a) Excitation requirements (b) Excitation table (c) Logic symbol 1 11 00 1100 
11/0 Se RE 
10/1 PS NS, O/P. (d) State diagram (e) State table 
00/0 00/1 SR SR SR 3 
01/0 \ 9 40/1 000110 Fig. 12.7 J-K flip-flop. 
0 0,0 0,0 1,1 i d thi 
01/0 Hee The K-map for the next state of the J-K FF in terms of the e en UC S 
————— present input i in Fi .8. The next state Off is 
(d) State diagram ae puts J(t) and K(r) is shown in Fig. 12.8 
Fig.12.5 S-R flip-flop. Qu + 1) = X09 0 + OKO 
at 


, Drawing the E for the next state of the FF in terms of the present state Q(/) and 
1c present inputs S(t) and R(t) and simplifying it as EH ion for 
i sp c. Garten plifying it as shown in Fig. 12.6, the expression o! 


Qu + 1) = QWR + So) 


* 
A , 
"a 7 
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12.4 SYNTHESIS OF SYNCHRONOUS SEQUENTIAL CIRCUITS 


The main steps in the general method for designing sequential circuits using various types 


of memory elements are as follows: 


l. From a word description of the problem, form a state table or state diagram which 


specifies the circuit performance. 
Check this table to determine whether it contains any redundant states. Develop the 
state table so that it does not contain any redundant states. 


assignment and derive the transition and output table. 


t3 


Select a state 
lect the type of the memory element to be used and draw an excitation table, 


e w 


Se 
Using K-maps, 
functions from the excitation table. 


obtain the minimal expressions for the excitation and output 


un 


Draw the circuit diagram using these minimal expressions. 


12.5 SERIAL BINARY ADDER 


The block diagram of a serial binary adder is shown in Fig. 12.9. It is a synchronous circuit 
with two input terminals designated X, and X; which carry the two binary numbers to be 
added and one output terminal Z which represents the sum. The inputs and outputs consist 
of fixed-length sequences of Os and Is. The addition is performed serially, i.e. the least 
significant digits of the numbers X, and X arrive at the corresponding input terminals at 
t; a unit time later the next significant digits arrive at the input terminals, and so on. The 
time interval between the arrival of two consecutive input digits is determined by the 


X, Serial adder 


Fig. 12.9 Block diagram of the serial binary adder. 


irequency of the circuits clock. The delay within the combinational circuit is small with 
respect to the clock frequency and thus the sum digit arrives at the Z terminal immediately 
following the arrival of the corresponding input digits at the input terminals. 
3 Me i pi He serial adder z; at time t; is a function of the inputs x,(¢,) and x(t) 
ric UE = ae carry which had been generated at t, ,. The carry which represents 
xd state vari bie Sera adder may be a 0 or a 1. So, one FF is required to store 1 
mh e dy, able is required to represent it. Thus, the circuit has two states. If one 
cates that the carry from the previous addition is a 0, the other state indicates that 
the carry from the previous addition is a 1. : 
es See ves of the serial adder at ¢, if a carry 0 was generated at fj.» and 
€ of the serial adder at t; if a carry | was generated at f,_ j- The state 
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ain ici m the time when the present inputs are applied is referred to as the present state 
(PS), and the state to which the adder goes as s ; qe 
S as a result : - i 
(on Monte EE of the new carry value is referred 
a jus pk di a ps adder may be conveniently described by its state diagram and 
ie state table as shown in Fig. 12.10. The state dia i 
: eboles ^ k s gram shows that if the machine is i 

state A, i.e. carry from the previous addition is a 0, the inputs x, = 0, x, =0 a » * 
and carry 0. So, the machine remains in state A and outputs a 0) Sues : = Ask n 1 
give sum | and carry 0, so, the machine remains in state A and outputs 5» Inputs die 
% A give nm l and carry 0, so, the machine remains in state A and outputs a 1 but the 
inputs x, = l, x; = 1 give sum 0 and cai E i j 

imp rry 1, so, the machine goes to state B and outputs 


PS NS, O/P 


00/0 
aap Ga sees ae 
10/1 igs 00 01 10 11 
"n A A0 A1 A1 B0 
B A18B0B.0 B1 


State diagram State table 


Fig. 12.10 State diagram and state table of the serial adder. 


If the machine is in state B, i.e, carry from the previous addition is a 1, inputs x, = 0, 
v, = l give sum 0 and carry 1, so, the machine remains in state B and outputs a 0. E 
xı = l, x} = 0 give sum 0 and carry 1, so, the machine remains in state B and outputs a 
0. Inputs x, = 1, x; = l give sum 1 and carry 1, so, the machine remains in state B and 
outputs a 1, Inputs x, = 0, x, = 0 give sum 1 and carry 0, so, the machine goes to state 
A and outputs a 0. The state table also gives the same information. The states, A = 0 and 
AE A" already been assigned, so, the transition and output table is as shown in 

able 12.1, 


Table 12.1 Transition and output table Table 12.2 Excitation table 


PS NS OIP PS VP NS UPtoFF OP 
XX XX ys R o Be 
0001 10 11 0001 10 11 0 00 0 0o o0 
o~ oro omi ONIN jr 40: 18 RON üi ti 
110" s 01 OF ae ioe en a x1 
Ov o4 d $e «0 

1..,0 0) “aa o $1 

1 QUI TIE 

fu Tof V4 if 

"METEO, 1d 


To write the excitation table, select the memory element. Let us say, we want to use 
D flip-flop. The excitation table is shown in Table 12.2. Obtain the minimal expressions for 
D and z in terms of y, xj, and x; by using K-maps as shown in Fig. 12.11. Implement the 
Circuit using those expressions as shown in Fig. 12.12. 
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11 10 


D = yx, + YX; + XX, Z =X KY + Xy + XXL + Xy = XOXSY 


Fig. 12.11 K-maps for the serial adder. 


Fig. 12.12 Logic diagram of the serial binary adder. 


12.6 THE SEQUENCE DETECTOR 


A sequence detector is a sequential machine which produces an output | everytime the 
desired sequence is detected, and an output 0 at all other times. 
uppose we want to design a sequence detector to detect the sequence 1010 and say 
verlapping is permitted, i.e. for example, if the input sequence is 01101010 the 
corresponding output sequence is 00000101. We can start the synthesis procedure by 
constructing the state diagram of the machine. 

The state diagram and the state table of the sequence detector are shown in Fig. 12.13: 
At time £, the machine is assumed to be in the initial state designated arbitrarily as A. While 
i this state, the machine can receive input, either a 0 or a 1. If the input bit is a 0, the 
ine does not start the detection process because the first bit in the desired sequence 
1. So, it remains in the same state and outputs a 0. Hence, an arc labelled 0/0 starting 
ating at A is drawn. If the input bit is a 1, the detection process starts, so, the 
goes to state B and outputs a 0. Hence, an arc labelled 1/0 starting at A and 


that 


PS NS, z 
s x=0 x=1 
A A,0 B,0 
B. C,0 BID 
C A,0 DO 
D C,1 B0 
State diagram State table 


Fig. 12. i 
ig. 12.13 State diagram and state table of a sequence (1010) detector. 
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terminating at B is ne While State B, the machine ma 
is a 0, the machine goes to the next state, say si S 
$i 10 which are a part of the valid sequence, ed ne kon [Un two bits 
0/0 from B to C. If the bit isa 1, the two bits become 11 and this imo a bie e 
sequence. Since overlapping is permitted, the second | may be used to de P ; ln 
«fs machine" remains in state B only and outputs a 0. So, an arc labelled i ae 
and terminating at B is drawn. While in state C, the machine may receive a 0 ora | " 
If it receives a 0, the last three bits received will be 100 and this is not a part of the aes 
sequence and also none of the last two bits can be used to start the new sequence. So, the 
machine goes to state A to restart the detection process and outputs a 0. Hence, «s arc 
labelled 0/0 starting at C and terminating at A is drawn. If it receives a 1 bit, the last three 
bits will be 101 which are a part of the valid sequence. So, the machine goes to the next 
state, say state D, and outputs a 0. So, an arc labelled 1/0 is drawn from C to D. While 
in state D, the machine may receive a 0 or a 1. If it receives a 0, the last four bits become 
1010 which is a valid sequence and the machine outputs a 1. Since overlapping is permitted, 
the machine can utilize the last two bits 10 to get another 1010 sequence. So, the machine 
goes to state C (if overlapping is not permitted or the machine has to restart after outputting 
a l, the machine goes to state A). So, an arc labelled 0/1 is drawn from D to C. If it 
receives a 1 bit, the last four bits received will be 1011 which is not a valid sequence. So, 
the machine outputs a 0. Since the fourth bit 1 can become the starting bit for the valid 
sequence, the machine goes to state B. So, an arc labelled 1/0 is drawn from D to B. 
There are four states, therefore, two state variables are required. Two state variables 
can have a maximum of four states. So, all states are utilized and thus there are no invalid 
states, Hence, there are no don't cares. Assign the states arbitrarily. Let A — 00, B- 01, 
C — 10, and D — 11 be the state assignment. With this assignment draw Table 12.3. Select 
the memory elements and draw the excitation Table 12.4. 


y receive a 0 or a 1 bit. If the 


Table 12.3 Transition and output table Table 12.4 Excitation table 


PE aiyaara E. 
END S 
PS NS oP Ps. up NS UPtoFFs or 
x=0 x-1 x=0 x=4 Vive ait MINE ADO 
A-00 00 01 0 0 EG ses 
B—01 10 01 0 0 0) 00d Oe ae ad 
C—10 00 11 elm BR cet) 
D 0 0 
>it ta 4.6" a Oo FOTOS 
4 Gur iuret alle E 
ULE aer Xr NC A 
opa mE a 


ons for D, and D; 
= yp Ys X) can 
| expressions 


o obtain the minimal expressi 
expression for z E : 
based on these minimal 


Draw the K-maps and simplify them t 
in terms of y}, y, and x as shown in Fig. 12.14. The 
be obtained directly from Table 12.4. The logic diagram 
is shown in Fig. 12.15. 
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D, = yX + WY 
Fig. 12.14 K-maps for D, and D, of the sequence (1010) detector. 


CLK 


o- 


Fig. 12.15 Logic diagram of the sequence (1010) detector using D flip-flops. 


12.7 PARITY-BIT GENERATOR 


A serial parity-bit generator is a two-terminal circuit which receives coded messages and 
adds a parity bit to every m bits of the message, so that the resulting outcome is an error: 
detecting coded message. The inputs are assumed to arrive in strings of three symbols 
(m = 3) and the strings are spaced apart by single time units (i.e. the fourth place is a blank). 
The parity bits are inserted in the appropriate spaces so that the resulting outcome is a 
continuous string of symbols without spaces. For even parity, a parity bit 1 is inserted, if 
and only if the number of 1s in the preceding string of three symbols is odd. For odd parity, 
a parity bit 1 is inserted, if and only if the number of 1s in the preceding string of three 
symbols is even. 


Odd Parity-bit Generator 


The state diagram and the state table of an odd parity-bit generator are shown in Fig. 12.16. 

States B, D, and F correspond to even number of Is out of 1, 2, and 3 incoming inputs, 

respectively. Similarly, states C, E, and G correspond to odd number of Is out of 1, 2, and 

3 incomming inputs, respectively. From either state F or state G, the machine goes to stale 

A regardless of the input. In fact, the fourth input is a blank. 

pr m ne 23 CO contains seven states, three state variables are needed for an 
gnment. But since three state variables can have a total of eight states, one of the states 


will not be ass gned and its entr esponding state table may be cons 
S ies in the ci 
x correspond: g y 


m 
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State diagram State table 
Fig. 12.16 State diagram and state table of a 3-bit odd-parity generator. 


The state assignment is not unique. Many possible assignments are there. One possible 
assignment is A — 000, B — 010, C — 011, D > 110, E — 111, F — 100, and G > 
101. With this assignment the transition and output table is given in Table 12.5. 

Select the memory elements. Suppose J-K flip-flops are selected. For implementing the 
parity-bit generator using J-K flip-flops, draw the excitation table as shown in Table 12.6. 
The minimal expressions for excitations J}, Kj, J» Kj, Js, K; of flip-flops and the output 
of the odd-parity generator z in terms of the present state variables yı, y;, ys, and the input 
x can be obtained using K-maps as shown in Fig. 12.17. The logic diagram based on those 
expressions is shown in Fig. 12.18. 


Table 12.5 Transition and output Table 12.6 Excitation table 


table 

PS NS oP PS UP _ NS Presentexcitations required O/P 
xs0 xe1 SO aT 95,9: Bl OV, SERIO Oy FCN On 0 
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010 110 111 0 0 p xg»'oto uen q! dui Ga AK UT IO: 
011 111 110 0 0 Q 409 055 ot0020-4. 3X: 1:909 10909 Q 
110 100 101 0 0 O 4209/5 tur i'd ae X0 qud TO 
111 101 100 0 0 0. ioo itot iilis id Se Skene 9 
100 000 000 1 1 o 1. 42 1 RE ee UL 
101 000 000 0 0 i1 T.0* 0 ILU 0 X 0 X r0 X TU 
———— M — ——-— 44011017 X0 X11xXx' 
wee weer es TESI 

44 1 A 4ho-0. X0 UN ERO 

4 0 10:305 0 0/1 OMX safe a 4 
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Ys 


Ky = yu J3 = yx + Y Ky =X + Yai Z = Yiya 


Also from K-maps for Kz, J, and z 
Fig. 12.17 K-maps for excitations of 3-bit odd-parity generator using J-K flip-flops. 


Fig. 12.18 Logic diagram of a 3-bit odd-parity generator using J-K flip-flops. 


12.8 COUNTERS 
Design of a 3-bit Gray Code Counter 


The counter is to be designed with one input terminal (which receives pulse signals) and one 
output terminal. It should be capable of counting in the Gray system up to 7 and producing 
an output pulse for every 8 input pulses. After the count 7 is reached, the next pulse will reset 
the counter to its initial state, i.e. to a count of zero. The state assignment, the state diagram, 
and the state table of the 3-bit Gray code counter are shown in Fig. 12.19. 

There are eight states for a 3-bit counter. So, three state variables are required which 
can give a maximum of eight possible states. So, no invalid states exist. The state 
assignment cannot be arbitrary, since the counter has to change the states in à definite 
manner. Hence, the state assignment is ` 


So > 000, S, — 001, S, — 011, S, — 010, S, — 110, S; 2 111, $, > 101, $52 100. 


The ride and output table for the counter is shown in Table 12.7. 

NS c dad re select an appropriate set of memory elements. We lect T 

for excitat e the excitation table as shown in Table 12.8. The minimal express 
citation functions to T flip-flops, T,, T, and T, in terms of the present state vani 


LLL 
State assignment 


S, 000 
s, 001 
S; e DIM 
i S, 010 
S, 110 
Sen - dii 
S, 101 
S, 100 
State assignment table 
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0/0 
State diagram State table 


Fig. 12.19 State assignment, state diagram, and state table of a 3-bit Gray code 
counter. 


Yp Yə Yz and the input x can be obtained using K-maps as shown in Fig. 12.20. From the 
excitation table, the expression for output z is 


z-yyayx 
Table 12.7 Transition and output table Table 12.8 Excitation table 

PS NS. | iG _PS_ VP NS _ Inputs to FFs O/P 
x=0 x=1 x=0 x=1 Vive: EONA GRR = 
000 000 001 0 0 000 0000 000 0 
001 001 011 0 0 670 o0 1 Torey oo 0 
011 011 010 0 0 001 0001 000 0 
010 010 110 0 0 [C E E CELL CD 
110. THOU 0 0 0.4 tpg! 051827 TORO Oh EO 
111 ,, 141 104 0 0 0 143 A 110 0 0 2 BF 
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T, = x,O(y; 9 ys) 
T = Yay + YY: 
= Xy (y; 9 Ys) 


42.20 K-maps for excitations of 3-bit Gray code counter using T flip-flops. 
Fig. 12. | 


signal x can be ANDed with the clock signal, and the output of te AND gate 

The input signa z c sach FF. The counter thus changes state only when x = 1, because 
given as clock signal 22 vate transmits the external clock to the clock terminal of FFs. 
only at that time ne ? v disabled, the FFs receive no clock and the counter remains 
When x S igi c m tation table is shown in Table 12.9. The minimal expressions 
in the previo vm ue SE 12.21. 


obtained from 


Table 12.9 Excitation table 


PS NS O/P Excitation 
Ys X4 Y. X= 1, clock present TR n 
0 0 0 001 On rome 
001 011 0 010 
0, 1-1 010 0 00 1 
010 110 0 TOSA 
ty 170 111 0 00 1 
{5 151 101 0 010 
101 100 on ord 
100 000 1 A070 


T, 2 yo (29 Y) 


T= ya) Tz = ¥s(¥2® Ys) 
Fig. 12.21 K-maps for excitations when x is ANDed with clock. 


: : : dE in the seco! 
The expressions in both the cases are the same, but the design is sn 
case. The logic diagram based on these expressions is shown in Fig. 12.22 
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Fig. 12.22 Logic diagram of a 3-bit Gray code counter. 


12.9 ITERATIVE NETWORKS 


An iterative network is a digital structure composed of a cascade of identical circuits or 
cells. An iterative network may be sequential in nature, where each cell is a sequential 
circuit, e.g. the counter or a shift register which consists of a number of cascaded flip- 
flops, or it may be combinational in nature where each cell is a combinational circuit. The 
description and synthesis of combinational iterative networks are similar to those of 
synchronous sequential circuits. Every finite output sequence that can be produced 
sequentially by a sequential machine can also be produced spatially (or simultaneously) by 
a combinational iterative network. The number of cells in an iterative network must equal 
the length of the input patterns applied to it. 

The general structure of an iterative network has the form shown in Fig. 12.23. The 
external inputs applied to the ith cell are designated as x,), x,,....¥;, where the ith cell is 
counted from the left. The cell outputs are designated as z;;, Z),...,2jm. In addition, each cell 
receives information from the preceding cell via the inter-cell carry leads y,), yj... which 
are called the input carries and transmits information to the next cell via the inter-cell carry 
leads Y;,Yj,.,Y, called the output carries. The inputs are applied to all the cells 
simultaneously and the outputs are generated instantaneously. 


Zn Z2 Zim Zn Zn 2am Zi Zo Zm 
Fig. 12.23 General structure of an iterative network. 


Analogy between Sequential Machines and Iterative Networks 


The operation of a sequential machine can be described by its state table, a = 
for each combination of machine inputs and the present state of the machine, the value: 


be} và 


entals of Digital C ircuits 
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ext state of the machine. An iterative network is composed 
ts called cells. The operation of a cell can be described b; 

fies for each combination of cell inputs and input cud 
put carries. In a state table, each row corresponds n 
n to the input combination. In a cell table, each row 
by the inter-cell input carries and each column 
he state table represents the next state and the 
of the cell table represents the output carries 


chine outputs and the n 
dentical circui 
ble, which speci 
the values of cell outputs and the out] 
a state of the machine and each colum 
e distinct signal delivered 
tion. Each entry in t 
] machine. Each entry 


the mà 
of a cascade of i 
means of a cell ta 


corresponds to th 
to the input combina 
output of the sequentia 
and the output of the cell. 
if the same assignment is selected for the iterative network as for the 
ine, then the logic circuit of the ith cell and the combinational logic of the 
ine are identical. While in the sequential case, information is fed through 
e network the entire computation is executed instantaneously by using 
The inputs are applied to all the cells simultaneously and the outputs 
erated instantaneously. The number of cells in an iterative network 


of the input pattern applied to it. 
terative Networks 


In general, 
sequential mach 
sequential mach 
delays, in the iterativ 
many identical cells. 
are assumed to be gen 
must equal the length 


pesign of a Sequence Detector Using ! 


work to detect the pattern 1010, that is, we have to design an 


ts of an arbitrarily large number of cells and whose typical 
d a single output Z; The inputs are applied to all the cells 
1 if and only if the input pattern of the four cells i — 3, 
= 1, and x, = 0. 

ding to the four possible 
D designates the signals 
received by the ith cell, when the input pattern in the preceding three cells is 101. Row C 
designates the signals received by the ith cell, when the input pattern in the preceding two 
cells is 10. Row B designates the signals received by the ith cell, when the input to the 
preceding cell is a 1. Row A designates the signals received by the ith cell if it is the first 


cell or if no valid bit is received by its preceding cells. 

From these inter-cell incoming signals and from the cell input xj the ith cell can 
compute the necessary cell output and the signals to be transmitted to the next cell via the 
output carry leads. The state diagram and the cell table are shown in Fig. 12.24. 


Let us design an iterative net 
iterative network which consis 
cell contains a single input x; an 
simultaneously. The output 2; is 
2, i - 1, and i is 1010, ie. 423 7 l5 X522 7 0, % 1 
The cell table must have four rows (or states) correspon 
distinct signals delivered by the inter-cell input carries. Row 
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Fig. 12.24 State diagram and cell table of sequence (1010) detector: 


State diagram 
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If we assign the states A — 00, B 
;B 01, Cos 10 
output table and the output carries and : , and D — 11, the transiti 
à > E ransit 
and Table t2 es bevo ell output table will be as shown in i 


Table 12.10 Transition and output 


rans Table 12.11 Output carries and 


cell output table 


PS Output, z 
xs x71 X0 x*1 Input carries UP Output carries O/P 
00 00 01 0 5 Ye % a YaYo — x 
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The minimal expressions for out i in term: carries 
| put carries Y, and Y; i i i 
i : ; il pn s of the input y, 
and yn ue input 2 sis ined sie using K-maps and the combinational circuit for the ms cell 
based on those minimal expressions, are shown in Fig. 12 i ivi 
: RoN : 5 SA in Fig. 12.25. An iterative network to detect 


Yn 
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Ya Y 
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Yo 
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Ya = YaYoX* YoX Z 
1 = YaYoXi* YoX Yo=% ZE YYA Combinational circuit for the ith cell 


Fig. 12.25 K-maps and logic diagram for the ith cell. 


Fig. 12.26 Iterative network to detect the pattern 101010. 


one cell input x, and 
two of the cell inputs 


a 12.1 Design an n-cell network, where each cell has 
ne cell output z; such that z; = 1, if and only if either one or 
X, X} x, equals 1. 


Solution 


The input carries (PS) to the ith cell may represent one of the four conditions: (1) none 


of its preceding cells received a 1, (2) only one o 


f its preceding cells received a 1, (3) only 
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a 1, and (4) more than two of its preceding cells received 
ents a state. So, the cell table of the ith cell must have 
ove four distinct states. Row A designates the state 
he preceding cells received a 1 input. Similarly, rows B, C, and D designate 
two, three, or more of the preceding cells received a 1 input. The 
A, B, C, and D and its equivalent for a state assignment of 
nd D — 10 are shown in Tables 12.12 and 12.13, respectively, 


two of its preceding cells received 
a l input. Each one of these repres 
at least four rows to distinguish the ab 


where none of th 
the states where one, 
cel! table in terms of states 
A00,B01,C ll, a 
Table 12.13 Equivalent of the cell table 


Table 12.12 Cell table 
(Example 12.1) 


(Example 12.1) 


PS NS, z, Input carries Output carries . Output 

x79 x-1 x=0 Xx-1 x=0 xl 
oA! B A 00 00 01 n] 1 
B B1 C1 B 01 01 1 1 1 
C c1 D0 C "Wd 1 10 1 0 
D DO 0,0 D 10 10 10 0 0 


Table 12.14 Output carries and cell output table 
(Example 12.1) 


PS P NS O/P 
Yn Yo X Yr Ye Zi 
0 0 0 0 0 0 
0» 5 1 0 1 1 
0. 1 0 0 1 1 
0 1 1 1 1 1 
md 0 1 1 1 
4 09 1 1 0 0 
4-20 0 1 0 0 
1 0 1 1 0 0 


The output carries and cell output table is shown in Table 12.14. The K-maps for Yi), 
Ya, and z; (i.e. for the output carries and the output of the ith cell) in terms of yip Ji», and 
x, (the input carries and the input to the ith cell) and the minimal expressions obtained from 
them are shown in Fig. 12.27. The logic diagram for the ith cell based on those minimal 
expressions is shown in Fig. 12.28. The iterative network to detect the input sequence 
0101010 is shown in Fig. 12.29. 


Ya yo * Yo a, Yat S ug 
ig. 12.27 K-maps (Example 12.1). à 
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Ys 


Fig. 12.28 Logic diagram of the ith cell (Example 12.1). 


Fig. 12.29 Iterative network to detect the pattern 0101010 (Example 12.1) 


ess 12.2 A long Sequence of pulses enters a 2-input 2-output synchronous 
sequential circuit which is required to produce an output z = 1, whenever the sequence 1111 
occurs. Overlapping sequences are accepted. For example, if the input is 01011111, the 
required output is 00000011. Design the circuit. ý 


Solution 


T oD M of the detector with one input terminal and one output terminal is shown 
in Fig. 12.30. 


VP. x OIP, z 
(0 or 1) Oor1 
(2 inputs) e TAAR 


Fig. 12.30 Block diagram of a 2-input 2-output synchronous sequential machine. 


Let the machine be initially in state A. The state diagram and the state table indicating 
= bees of states of the machine and, therefore, indicating its working are shown in 
ig. 12.31. 


State table 
the sequence (1111) detector (Example 12.2). 


State diagram 
Fig. 12.31 State diagram and state table of 
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ent is arbitrary. There are four states. So, two state variables as 
mum of four states. Therefore, there are no invalid states. 
+ 00,B > 01,C > 10, and D — 11. The transition and 
are as shown in Tables Vo and nIe respectively. 
: d as memory elements. The minimal expressions for 
cae 3 Sun Moenia din in terms of the present state variables Ji Va, and 
excitations of Ed ni K-maps as shown in Fig. 12.32. From the excitation table the 
input x are Pu E ph The logic diagram of the detector based on those minima] 
output z IS giv z= yx. 


expressions is shown in Fig. 12.33. 


The state assignm' l 
needed, which can give a maxi 
Let the states be assigned as A 
output table, and excitation table 


12.15 Transition and output table Table 12.16 Excitation table (Example 12.2) 
Table 12. 


(Example 12.2) PS WP NS WPtoFF O/P 
s Output nh En RC ee 

PS — 0 
Y Yz x=0 eat a xt oro 04 pt 1 BP NI 
vos ow 0 0:390 0170 00 
0 0 00 of p d gi opowign egeo AUR OPSIO 
o 4 Sh got A 0 1-90 0 0 O OM 0 
10 00 14 1 1: 0:546 gioh TER 0 
qoidam o Dog "M 0:.5:0:; dida 0 
41. 1-:55ndapsd amiada 1 


1 10 


D, = yc* yx = (Ys + Y2X D; = y + YX = X(y«* Y2) 


Fig. 12.32 K-maps for the sequence (1111) detector using D flip-flops (Example 12.2). 


Fig. 12.33 Logic diagram of the sequence (1111) detector using D flip-flops 
(Example 12.2). 


rest at 
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EXAMPLE 12.3 A synchronous sequential machine has a single control input d th 
clock, and two outputs A and B. On consecutive rising edges of the clock. the r x e the 
B changes from 00 to 01 to 10 to 11 and repeats itself if x = 1; if at any time, x - 0 i hans 
to the present state. Draw the state diagram and implement the circuit using T flip-Dops. 


Solution 


The block diagram of the sequential machine is shown in Fig. 12.34. 


X A 


CLK B 


Fig. 12.34 Sequential machine (Example 12.3). 


The given machine is nothing but a sequential circuit with two flip-flops. Let A and B 
be the outputs of the flip-flops. So, two state variables are required which can have a 
maximum of four states. There are, no invalid states present. Let the initial state be P. 

The state diagram and the state table of the sequential machine with state assignment of 


P > 00,Q— 01, R 10, and S > II 


are shown in Fig. 12.35. The transition and output table with this assignment is shown in 
Table 12.17. Let us select T flip-flops as memory elements. With T FFs, the excitation table 
is shown in Table 12.18. 

The outputs of the machine are the same as the outputs of the flip-flops. The K-maps, 
the minimal expressions for excitations, and the logic diagram based on those expressions 
are shown in Fig. 12.36. 


State table 


State diagram 
Fig. 12.35 State diagram and state table (Example 12.3). 


Table 12.17 Transition and output table Table 12.18 Excitation table (Example 12.3) 


(Example 12.3) PS VP NS Required excitation 

PS NS OIP You 0€ UOY Yat EUR 
Y X X=0 x=1  x:0 x*1 00 0 0 0 0 D 
0 0 00 01 00 01 00 1 01 9 1 
0.11 0019. KO 01 10 o 1 Sto 0 1 a ` 
170 5105. 44 10. 11 deed 10 k l 
1 <1 0116 00 11 00 10 0 dun 5 E 
wo 1 1 0 1 
TE Ta 0 0 
did cd 00 1 1 
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R,= yx 


Fig. 12.36 K-maps and logic diagram (Example 12.3). 
Also from K-maps for R,, Z. 

2 £,and Z, R,-y pg 

+ 57. Ay, 


uit that will function as prescribed by the state diagram Fi 
g. 12.38 K-maps (Ex 
ample 12.4). 


EXAMPLE 12.4 Design a circ vill : 
shown in Fig. 12.37. Use S-R flip-flops for implementation. 


1/00 


Fig. 12.37 State diagram (Example 12.4). 
Fig. 12. ic di 
g. 12.39 Logic diagram of the sequential machine (Example 12.4) 


Solution 
nsition and output table (Table 12.19) and the EXAMPLE 12.5 Desi 
-5 Design a 2-input 2-output synchronous sequential circuit which produces 


flops. Two state variables are required. There an output z = 
heo pitts 1, whenever any of the following input sequences 1100, 1010 100 
i ircuit resets to its initial state after a 1 output has been generated ^^ 


The states are already assigned. Write the tra 
excitation table (Table 12.22) using S-R flip- 


are no invalid states. 
S,, R and 2), 22 in terms of yi, Y2 and x 


Obtain the minimal expressions for Sp Ry, 
by using K-maps as shown in Fig. 12.38. Solution 
From the excitation table, we can see that z, = Ji and z, = y; (because the entries m | Let the sequential machine be initially in state A. i 
hose minimal expressions 5 | shown in Fig. 12.40. y in state A. The state diagram and the state table are 


the same). The logic circuit using S-R flip-flops based on t 


shown in Fig. 12.39. 


| 
| PS —N&z - 
Table 12.19 Transition and output table Table 1220 Excitation table (Example 124 | EGS 
(Example 12.4) 0 D. 
: 8 
= zs p ns Required exataion D Sune ED 
5 * ——1 NL Xx x nno 5 i Dives 0 
eT ee 0 0 1 am EGMAGAN 
Q4 713 2-46 A) (0p Onl Han F A1 0,0 
a 15S 0/74 1 AX OR 1 Sp At 
md 3 10 11 n 4 94 4. RA x au pr 
0 10 00 410 10 o'4 9 OX OREA 1 d State diagram State table 
0 
| à p ž 1 0 te ih Fig. 12.40 State diagram and state table (Example 12.5). 
1o00 9I x2 
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te variables are required which can give a maximum 

hree state Yo pan ic Finvali : 

S SEN seven states are utilized, E ip cs el the 
~ states ince ys " 't cares. e state assignment is 

of eight possible Do to the flip-flops are the don't bri be o8 E b 

-orresponding excitations Sd B 010 C 2 oll, Dp lll, , . an 

orresp g H 
a d A — 000, 


r able as shown in Table 
arbitrary. Let it be ised. Draw the transition and output table as n Table 
ue 101. Three flip-flops are used. 
G = 101 Three 


There are seven states. S 


21 
- t Table 12.22 Excitation table (Example 12.5) 
tpu! 
Transition and OU 


Table 12.21 le 12.5) P NS Present excitations required op 
table (ExamP : : p m 4 Y. Ya Yy S E $ a S z 
= yj | Y2 X 
E SE = Xai 70.0.0 9 i 1 M E S x tee E 
y Ye Ys X= = 0 000 

0 0, X X 0 1 

RES B 0. 0  Opfcob-o ot ix X 0 10M 

go 10011 P. ou —o|! 01 [7 5 L3. aer o EIE 

co 11M vus o opo oa Ho 1^7 9 Gk 
ST. Foe ME | 1 

zl og i o us x 1 X ON 

ee N 0 (03:10 71 91.715. O 

F100 000 1 0 111 1 Tap (00D 

o 1 000 100 1 4 0 0 0 0 0 Xs t 

1 10 oo bX) 1X 

1 oo 0 0 o Xa 0 XO 

1 sis : — = x o 1 X AME 

: CENE Oe aa 

AMEN M 1 90 


vot 1 100 x9 E 


j 
itati e e 12.22). Draw the 
elect J-K FFs as memory elements. Draw the excitation table van ie * 

‘ * d the entries of the excitation table and spits Pan J 
K-maps using S l À j d | 
te K., J,, K, and z in terms of y, Y» Y» and x as tollo = 


- m AX + yx T 
J= yx + yy Ky = A toss z Xe cond d Eo 
= » » 1 2 disc d 


z= J} yX + yix 


i i ese minim: ressions. 
sic diagram can now be realized using these minimal exp 


a W 

: 2-input 2-output 

EXAMPLE 12.6 Draw the state diagram and the state bie of a dui idi ping 
jus sequential circuit which examines the input seque f string 


7 the string 

inci i last input © : 

Xf 3 inputs each and produces a | output coincident with the p m 
t 


ronc 


if the input 
and only if the string consists of either two or three Is. For example, if the inp 
010101110, the required output sequence is 000001001. " 


pt 


i d the state rable o£ 
The block diagram is shown in Fig. 12.41. The state diagram an 


m 
sequential circuit are shown in Fig. 12.42. * 


Solution 
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VP. x 


(0 or 1) 


(2 inputs) (0 or 1) 


(2 outputs) 
Fig. 12.41 Block diagram of the Sequential machine (Example 12.6) 


1 0/0 


0 
[7 
zZ 
o 
x IN 


2 o o o o olo 
»»»mmeóo 
=.. 0000 


nmoow 
»»»momgm 


State diagram State table 


Fig. 12.42 State diagram and state table (Example 12.6). 


Initially the machine is in state A. It may receive the first bit either as a 0 or as a 1. 
Both are valid for the sequence. So, the machine may go to state B or C. While at B, the 
machine may receive the next bit as a 0 or a 1. If it is a 1, the last two bits are 01, which 
are part of the valid string. So, the machine goes to state E. If it is a 0, the last two bits 
are 00, which are not part of the valid string. But since the machine cannot start processing 
the next string, it goes to state D just to provide a time delay and then goes to A whether 
the third bit received is a 0 or a 1. While at E, if the next bit is a 0, the output is a 0; if 
it is a 1, the string is valid and, so, the machine outputs a 1. In both the cases, the machine 
goes to A. While at C, the machine may receive a 0 or a 1. If it is a 0, the machine goes 
to E because the first two bits are 10. If it is a 1, it goes to state F. The first two bits are 
now 11. While at F, whether the next bit is a 0 or a 1 the machine outputs a | and goes 
to state A, because both the sequences 110 and 111 are valid. 


EXAMPLE 12.7 The synchronous circuit shown in Fig. 12.43 where D denotes a unit 
delay, produces a periodic binary output sequence. Assume that initially x, = 1, x = 1, xy 
= 0, and x, = 0 and that the initial output sequence is 1100101000. Thereafter, the sequence 
repeats itself. Find a minimal expression for the combinational circuit S Qs Xz x, x4). The 
clock need not be included in the expression although it is implicit. 


542 Fundamentals of Digital Circuits 


Solution 


The output x, of the last delay unit 
four delay units arranged in the form 


1100101000 repeats itself. That means, t l op \ 
of the combinational circuit must also be the same sequence. Since initially x, = 


x, = 0, and x, = 0, the sequence of the bits at the input of the first delay element, 
of f must come in the order 1010001 100 to get the given output sequence. There are four 
state variables which can give a maximum of 16 possible states. Only 10 of them are 
utilized, so, there are six invalid states. The values of f corresponding to those states are 


is the output bit of the synchronous circuit. There are 
of a shift register. It is given that the output sequence 
he input to the first flip-flop which is the output 
l, x; 7 1l, 
«€. bits 


the don't cares 

The initial state is 0011 and f= 1. The first clock pulse shifts each bit to the right by 
one place. So, x, is shifted out, and f is shifted to x,'s place, and the next f becomes the 
input to the first flip-flop. Thus, the next state is 1001 and f= 0, and so on. After 10 clock 
pulses the sequence repeats itself. The truth table and K-map are shown in Fig. 12.44. 


x 

x 
x 

x 


o-2o0o0o02o-oo 
-—2Ao0o0o02o-2oo 
oo2o2ooon-oazZ.|- 


-00020-242004 


f= RR, + RX, + XX, 
Truth table K-map 


Fig. 12.44 Truth table and K-map (Example 12.7). 


SUMMARY 


In combina al circuits i i i 
* In combinational circuits, the outputs at any instant of time depend only on the inputs 
applied at that instant of time. 


tential circuits, the outputs at any instant of time depend not only on the present 
inputs but also on the present state of the circuit. 


tate machine is an abstract model describing the synchronous sequential 
and its spatial counterpart, the iterative network. 
pest ees are those, whose past histories can affect their future behaviour 
only iq inite number of ways, i.e. they are machines with a fixed number of states: 
* The state diagra sta z : : îi 

ram or state graph is a pictorial representation of the relationship among 


the present state, the 
€ ; input, the next state, and the output of a finite state sequential 
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Each node in the state diagram represents a parti 

; articul: i 
on the arcs represent input/output and the Vr Aer ulii machine. The labels 
that the machine will go after the input is applied FOIT 19 Hearne tate 


The process of assigning the states of a physical device to t 


machine is known as state assignment. he states of a sequential 


The state table is a tabular representation of th i i 

e relat 
the input, the next state, and the output. RHOD IOTER Bé, 
The state table specifies the values of the machine outputs and the next state of th 
machine for each combination of the machine inputs and the present state of the ide 
Both the state diagram and the state table contain the same information, and the choice 
between the two representations is a matter of convenience. ; 


The transition and output table can be obtained from the state table by modifying the 
entries of the state table to correspond to the states of the machine in accordance with 
the selected state assignment? 

The excitation table of a sequential machine gives information about the excitations or 
inputs required to be applied to the memory elements in the sequential circuit to bring 
the sequential machine from the present state to the next state. 

A sequence detector is a sequential machine which produces an output | every time 
the desired sequence is detected, and an output 0 at all other times. 

A serial binary adder is a synchronous circuit which adds the input numbers serially. 
A serial parity-bit generator adds a parity bit to every m bits of the message, so that 
the resulting outcome is an error-detecting coded message. 

An iterative network is a digital structure composed of a cascade of identical circuits 
or cells. Each cell may represent a sequential circuit or a combinational circuit. 
The inputs to all the cells of an iterative network are applied simultaneously and the 
outputs are assumed to be generated instantaneously. 

The number of cells in an iterative network must equal the length of the input pattern 
applied to it. z 
The cell table specifies the values of the cell outputs and the output carries for cach 


combination of the cell inputs and the input carries. 
for an iterative network 
cell and the combinationa 


k as for a sequential machine, 


If the same assignment is selected 1 logic of the sequential 


then the logic circuit of the ith 
machine are identical. 


The output values of physical devices are referred to as state variables. 


QUESTIONS 
ORTI lications of 
Distinguish between combinational and sequential circuits. List some app! 
sequential circuits. 


Distinguish between asynchronous 
memory elements used in sequential m: 


us and synchronous sequential circuits. List various 
no 
achines. 


TE | a 
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esign a 2-input 2-output. synchronous se ial ci 
124 Design a ous sequential circuit which 

s ; i LRS roduces 
| | Lew whenever any of the following Input. sequences -Hor 1011, 
4. What do you mean by the term 'state diagram'? What do the vertices, the directed occurs. The circuit resets to the initial st : ^ d 


ate after a | output is 
5 5S s i ? put is generate 
arcs, and the labels on the arcs of a state diagram represent? i4 long sequence of pulses enters a rome bad generated 


3. How is the state of a memory clement specified? an output 


5. What do you mean by the Moore model and the Mealy model of the state diagram? 3 which produces an output pulse z = |, E as a iee T circuit 
6. What do you mean by the term ‘state table’? What does each row, column, and entry t overlapping sequences arc accepted. Draw the state diagram, select phi Mi: 

of the state table represent? and show the excitation table. signment 
7. What do you mean by the term ‘excitation table’? What information does it give? 12.6 Design a sequence detector which generates an Output z = 1, whenever the string 
8. What do you mean by the following terms? is 0110, and generates a 0 at all other times. The overlapping sequences are detected. 


i i Implement the circuit using D FFs. 
(a) Transition and output table (b) Finite state machine (c) Input alphabet 


Iphab (e) Iterat twork 12.7 Design a 3-bit up/down counter which counts up when the control signal M = | and 
(d) Output alphabet e) Iterative networl 


counts down when M = 0. 


9. Explain the following terms: 12.8 Draw the state diagram and the state table for a 4-bit odd-parity generator. 


(a) Finite state model (b) State assignment (c) State variables 12.9 Construct the state diagram and the state table for a 2-input machine, which 
10. What are the advantages of (a) the state diagram and (b) the state table? Compare them, produces an output z = 1, whenever the last string of five inputs contains exactly 
: 4 , 58 ing starts with three zeros. is next string docs not 

11. What are iterative networks? Discuss the analogy between sequential machines and four;zeros;and the stringista Be Fas ME tells cis ae 


iterative networks. How is a sequence detector designed: using; iterative networks? start until the end of this string of five inputs, whether or not it produces a | cutpul. 


12. Define cell of a network. How many cells are required in an iterative network? 

13. Explain the terms: input carries and output carries. 

14. What is a ‘cell table’? What does each entry in the cell table represent? 

15. What is a serial adder? Explain its working with the help of a state diagram. 

16. What is a sequence detector? Explain its working with the help of a state diagram to } 
detect any arbitrary sequence. f 

17. What do you mean by a parity generator? Explain its working with the help of a state 
diagram to generate odd parity. 


18. Write the main steps in the synthesis of synchronous sequential circuits. 


PROBLEMS 


12.1 A long sequence of pulses enters a 2-input 2-output synchronous sequential circuit 


which is required to produce an output z = 1, whenever the sequence 1101 occurs. ! 
Overlapping sequences are accepted. Design the circuit. l 
12.2 Design a 3-bit counter which counts in the following sequence. 


932345343354 5052 2... etc. 


2 —— EERS E : 1 = - ] 
12.3 Ron a circuit using S-R FFs that will function as per the state diagram shown 
DClow 1 


me feo. am : g mas TH [| NE a 


Chapter 13 


ANALOG-TO-DIGITAL AND DIGITAL- 
TO-ANALOG CONVERTERS 


13.1 INTRODUCTION 


An analog quantity is one that can take on any value over a continuous range of values. It 
represents an exact value. Most physical variables are analog in nature. Temperature, 
pressure, light and sound intensity, position, rotation, speed, etc. are some examples of 
analog quantities. 

A digital quantity takes on only discrete values. The value is expressed in a digital code 
such as a binary or BCD number. 

When a physical process is monitored or controlled by a digital system such as a digital 
computer, the physical variables are first converted into electrical signals using transducers, 
and then these electrical analog signals are converted into digital signals using analog-to- 
digital converters (ADCs). These digital signals are processed by a digital computer and the 
output of the digital computer is converted into analog signals using digital-to-analog 
converters (DACs). The output of the DAC is modified by an actuator and the output of 
the actuator is applied as the control variable. 


Electrical analog 
input 


Physical 


Transducer 
variable EN 


Digital 


Digital Digital 
inputs outputs 


Fig. 13.1. Interfacing a digital computer to the analog world. 


Figure 13.1 shows how ADCs and D. 
digital system such as a di 
increasingly more import 
process control. 


: ACs function as interfaces between a completely 
gital computer and the analog world. This function has become 
ant as inexpensive microcomputers are being widely used for 
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43.2 DIGITAL-TO-ANALOG (D/A) CONVERSION 


Basically. D/A conversion is the process of converting a value represented in digital cod 
such as straight binary or BCD, into a voltage or current which is proportional fot ái itl 
value. Figure 13.2 shows the symbol for a typical 4-bit D/A converter. Each of the digital 
inputs A, B, C, and D can assume a value 0 or a 1, therefore, 8 


E : there are 2* = 16 possi 
combinations of inputs. For each input number 0000, 0001,...1111, the D/A Drs 


outputs a unique value of voltage. The analog output voltage V, is proportional to the input 
binary number, that is, 


Analog output — K x digital input 


where K is the proportionality factor and is a constant value for a given DAC. The analog 
output can, of course, be current or voltage. 


MS 
ple 
v, 
Digital © 
inputs B Analog 
" output 
LSB 


Fig. 13.2 Block diagram of a 4-bit DAC. 


Strictly speaking, the output of a DAC is not a true analog quantity, because it can take 
on only specific values. In that sense, it is actually digital. Thus, the output of : xi 
a 'pseudo-analog' quantity. By increasing the number of input bits, the number o agua 
output values can be increased and also the step size (the difference Lae e 
successive output values) can be reduced, thereby producing an —_ = Hes ds 
analog quantity. Figure 13.3 shows the output waveform of a DAC when 
4-bit binary counter. 


4-bit 


CLK 
9 counter 


ry counter. 


veform of a DAC fed by a bina 


through its 16 states by applying the 


When the binary counter is continually recycled TE a step size of 1 V. When 
clock signal, the DAC output will be a staircase WAY 


Fig. 13.3 Output wa 
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the counter is at 0000, the output of the DAC is minimum (0 V). When the counter is at 
1111, the output of the DAC is maximum (15 V). This is the full-scale output. 

Digital-to-analog and analog-to-digital conversions form the very important aspects of 
digital data processing. Digital-to-analog conversion is a straightforward process and is 
considerably easier than the A/D conversion. In fact, a DAC is usually an integral part of 
any ADC. 


Parameters of DAC 


Resolution (step size). The resolution ot a DAC is defined as the smallest change that 
can occur in an analog output as a result of a change in the digital input. The resolution 
of a DAC is also defined as the reciprocal of the number of discrete steps in the full-scale 
output of the DAC. The resolution is always equal to the weight of the LSB and is also 
referred to as the step size. The resolution or step size is the size of the jumps in the 
staircase waveform. Step size is the amount by which V,,, will change as the digital input 
value is changed from one value to the next. For the waveform shown in Fig. 13.3, the 
resolution or step size = ! V. The step size of the DAC is the same as the proportionality 
factor in the DAC input-output relationship. 


Although resolution can be expressed as the amount of voltage or current per step, it 
is also useful to express it as a percentage of the full-scale output as 


step size 


x 100% 
full scale : 


% resolution = 


Since, full-scale = number of steps x step size, resolution can be expressed as 


j) 


m x 100? 
total number of steps : 


% resolution = 
in general, for an N-bit DAC, the number of different levels will be 2" and the number 
ae ney š 2 

of steps will be 2" — 1. The greater the number of bits, thc greater will be the number of 

steps and the smaller will be the step size, and therefore, the finer will be the resolution. 

Of course, the cost of the DAC increases with the number of input bits, 


Accuracy. The accuracy of a DAC is usually specified in terms of its full-scale error and 
linearity error, which are normally expressed as a percentage of the converter's full-scale 
output. Full-seale error is the maximum deviation of the DAC's output from its expected 
(ideal) value, expressed as a percentage of the full-scale. Linearity error is the maximum 


deviat e analog if ; 
cviation of the analog output from the ideal output. The accuracy and resolution of a DAC 
must be compatible 


Mu pe qvin speed of a DAC is usually specified by giving its settling time. 
plete e ae time between the instant when the digital input changes and the 
the final value "m cites Ee chron band for the last time, usually + 1/2 LSB aro 
to settle within + 1/2 SPUD SCID, digital input. It is measured as the time for the DAC output 
5 ; 4 step size of its final value. Generally, DACs with a current output WE 
€ shorter settling times than those with voltage outputs b 


ilo 


m 


Analog-to- 
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Offset voltage. Ideally, the output of a DAC should b " 
In practice, however, there is a very small out € Zero when the binary input is zero. 


; E Put voltage under this situati 

offset voltage. This offset error, if not corrected, will be added to Bos situation called the 
for all input cases. € expected DAC output 
Monotonicity. A DAC is said to be monotonic if its output i 

5 f increases as the bi i i 

incremented from one value to the next. This means that the staircase rider me. ; 
downward steps as the binary input is incremented from 0 to full-scale value. The DAC is 
said to be non-monotonic, if its output decreases when the binary input is E 


EXAMPLE 13.1 Determine the resolution of (a) a 6-bit DAC and that of (b) a 12-bit DAC 
in terms of percentage. 


Solution 


(a) For the 6-bit DAC, 


peas 1 X 1 
% resolution = ye x 100 = jg x 100 = 8 x 100 = 1.587% 


(b) For the 12-bit DAC, 


l 1 
Se E = 0.02449. 
i x 100 a 1 x 100 4095 x 100 = 0.0244% 


; l 
% resolution = "m 


EXAMPLE 13.2 A 6-bit DAC has a step size of 50 mV. Determine the full-scale output 
voltage and the percentage resolution. 
Solution 
With 6 bits, there will be 2° — = 63 steps of size 50 mV each. 
The full-scale output. will, therefore, be 
63 x 50 mV = 3.15 V 


. 50 mV E = 1.587% 
% resolution = 315V x 100 = 8 x 100 = 1.58 


= 0,05 V for a digital input of 00000001. Find 


EXAMPLE 13.3 An S-bit DAC produces Ps y, for an input of 00101010? 


the full-scale output. What is the resolution? What i 


Solution 


Full-scale output = Step size X Number of steps 
0.05(28 — 1) = 0.05 x 255 = 12.75 V 


1 = 0.392% 
2 — x 100 = 0- 
x 100 255 


% resolution = 
2% -1 


Vi for an input of 00101010 = 42 X 005 = 240 V 
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EXAMPLE 13.4 A certain 6-bit DAC has a full-scale output of 2 mA and a full-scale 
of + 0.5%. What is the range of possible outputs for an input of 100000? eaor 


Solution 

The step size is 2 mA/63 = 31.7 pA. Since 100000 = 32,9, the ideal output should [| 

32 x 317 = 1014 pA. The error can be as much as + 0.5% x 2 mA = 10 pA. ° 
Thus the actual output can deviate by this amount from the ideal value of 1014 pA, and 


therefore, the actual output can be anywhere from 1004 pA to 1024 uA. 


DAC Using BCD Input Code 


The DAC we considered earlicr used a binary input code. Many DACs use a BCD input 
code, where 4-bit code groups are used for each decimal digit. Figure 13.4 shows the 
diagram of an 8-bit (2-digit) converter of this type. Each 4-bit code group can range from 
0000 to 1001, and so the BCD inputs represent decimal numbers from 00 to 99. Within each 
code group, the weights of the different bits are in the normal binary proportions (1, 2, 4 
8), but the relative weights of each code group are different by a factor of 10. Figure 134 
shows the relative weights of the various bits. Note that the bits that make up the BCD code 
for the most significant digit (MSD) have a relative weight that is 10 times that of the 
corresponding bits of the LSD. 


D, 
BCD | C, 
for B 
M ' 
T^ LSB 
DAC 
with BCD 100 possible values 
inputs Vaa- Since input ranges 
from 00 to 99 
Dy 
BCD |c, 
for 
isp |B i peal 
As step size = weight of Ay 


Fig. 13.4 DAC using BCD input code. 


EXAMPLE A N s 
13.5 If the weight of Ay is 0.2 V in Fig. 13.4 , find the following values: (a) 


step size, (b) full-scale output, (c i 
and DjC;B;A, = 0100. put, (c) percentage resolution, and (d) Voy, for D\C\ByAi = g 


Solution 


(a) S à : 
a) Step size is the weight of the LSB of the LSD, i.e. 0.2 V. 


) ere are 99 steps sini cre are two . i 
b 3 3 p: : ce there are t BCD digits. Thus, the 
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(c) The resolution is Im x 100% = 92 
ull-scale output 19.8 X 100% = 1% 


The exact weights of the various bits in the number in volts are: 
MSD: D, = 16, C, = 8, B, = 4, A, =2 
LSD: D, = 1.6, C, = 0.8, By = 0.4, Ay = 02 


(d) One way to find V, for a given input is to add the weights of all the bi 
is. Thus, for an input of 01100100, we have Mis Garir 


€ B C 
Vou = 8 V+4V +08 V = 128 V 


As the BCD input code represents 64, and the step size is 0.2 V, Vy, can also be 
determined as 


Vou, = (0.2 V) x 64 = 12.8 V 


EXAMPLE 13.6 A certain 12-bit BCD DAC has a full-scale output of 19.98 V. Determine 
(a) the percentage resolution and (b) the converter's step size. 


Solution 


(a) 12 BCD bits correspond to three decimal digits, i.e. decimal numbers ona 
to 999. Therefore, the output of the DAC has 999 possible steps from 


19.98 V. Thus, we have 


1 
1 l =— = 0.1% 
% resolution = imas x 100% 35g x 100% 


" 19.98 V 
b o, _ full scale output _ = 0.02 V 
(b) Step size cunber aN oum 


Bipolar 
DACS sn unsigned number and the DAC 


So far we have assumed that the binary input to 2 DAC is ed unipolar DACS. 
ACs arc cale This i 


Output is a positive voltage or current. Such types 0^ and negative URP 
Bipolar DACs are designed to produce ve SB as the sign bit 


MEME the true magnitude form is i : t 
ave a 6-bit bipolar DAC that uses the RC onic 3D 
0.2 V. The binary input values range from 100000 (- bas Eos co = 1) of 0.2 V between 
Outputs in the range from — 6.4 V to + 6.2 V. There 
these negative and positive limits. 
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43.5 THE £24 LADDER TYPE DAC 


This is the most popular DAC. It uses a ladder network containing series-paralle| 
of values R and 2R. Hence the name. The operational 
amplifier configured as voltage follower is used to prevent loading. Figure 13.5 shows the 
circuit diagram of a R-2R ladder type DAC having a 4-bit digital input. When a digital signal 
D;,D;D,D, is applied at the input terminals. of the DAC, an equivalent analog signal is 
produced at the output terminal. The operation of the DAC is as follows: 


combinations of two resistors 


| 


Vou = analog output 


= MSB 


Digital input 
Fig. 13.5 R-2R ladder type DAC. 


Case 1: When the input is 1000, Figure 13.6 illustrates the procedure to calculate Vou when 


the input is 1000. At the left end of the ladder, 2R is in parallel with 2R, so that the 
combination is equivalent to R. This R is in series with another R giving 2R. This 2R in 
parallel with another 2R is equivalent to R. Continuing in this manner, we ultimately find that 
R,, = 2R. The output voltage, Vou = E/2 


Case 2: when the input is 0100. Figure 13.7 illustrates the procedure to calculate Vou, when 


the input is 0100. Here, we find that to the left of terminal B, R4, = 2R. The output voltage, 
V „ = El4. 

Case 3: when the input is 0010. Figure 13.8 illustrates the procedure to calculate Vou when 
the input is 0010. Here, Re to the left of C is 2R. The output voltage, Vow = E/8. 


Case 4: when the input is 0001. Figure 13.9 illustrates the procedure to calculate y, when 
the input is 0001. The output voltage, V,,,= E/16. 
in general, when the D, input is a 1 and all other inputs are a 0, the output 1s Vout Z 


E 


» where N is the total number of binary inputs, For example, if E = 5 V, then the 


output voltage when the input is 0100 is 


Analog- 


(a) When the input is 1000; D, D, 


A 


R,,=2R 2R 


*E 


ADS " 
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and D; are grounded (0 V) and D, = + E, 


(b) The circuit equivalent to (a) when the circuit to the left of A is replaced by 


its equivalent resistance Roe 


Ra =2R 


E 2R 


2R | E 
cu Es SR 2 


(c) Calculation of V,,, using the voltage divider rule. 
Fig. 13.6 Calculation of V;,, when the input is 1000. 


To find the output voltage corresponding to any input combination, apply the principle 
of superposition and simply add the voltages produced by the inputs where Is are applied. 
Typical values for R and 2R are 10 kQ and 20 kQ, respectively. For accurate 
conversion, the output of the R-2R ladder network is connected to a high impedance circuit 
to prevent loading. An op-amp configured as a voltage follower can be used for this purpose 


as shown in Fig. 13.5. 


The principal advantage of this converter is that resist 


required. Therefore, standard resistors can be 


i XAMPLE 13.7 What are the output voltages 
-bit ladder if the input level for 0 is 0 V and 


Solution 


The output voltage level caused by the D, bit = r 


ors of only two values are 
used. 


caused by logic 1 in each bit position in an 
that for 1 is + 10 V? 
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: 
ad 


D; and D, are grounded (0 V) and D, = +. 


D: | 


(a) When the input is 0100, Do, D, and D, are grounded (0 V) and D; = + E (a) When the input is 0010, D,, 


(b) The circuit equivalent to (a) when the circuit to the left of B is 
replaced by its equivalent resistance Ra 


2R A 2R A 


Vou = gx 2R= E 


| RTH = [((2R || 2R) + R)||2R] + R = 2R 


(c) Thevenin's equivalent to the left of A. 


Ef .E 
Ye Vin= by X 2R = 5 
2 


Ry, = [2R|2R) + RJ =2R 


(c) Thevenin's equivalent to the left of A. 


wo 2R 
Ra = 2R ol + 
a 1 
E -E/R 
E (inpast 4 2R Vat (mm) E 
2 2R Vine & RTE 4} 
ot 9 \IR+ OR) 4 p 
y apa udt (d) Calculation of V,,, using the voltage divider rule. "- 
(d) Calculation of V „using the voltage divider rule. NT Fig. 13.8 Calculation of V, when the input is 0010. 
= i . 13: 
ig.13.7 Calculation of V, when the input is 0100. PP 


556 


ie input is 0001, D,, Dz and D, 


8 | Rew = IK(RII2R) + RII 2R) + R)JII2RI + R= 2R 


(c) Thevenin's equivalent to the left of A. 
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are grounded (0 V) and D,-7*E. 


(b) The circuit equivalent to (a). 


2R TA 


i E (obtained by loop current method or any other method) 
Vin = ip X 2R = : 


—" 


2R 


(d) Calculation of V.,, using the voltage divider rule. 


Fig. 13.9 Calculation of Vo. when the input is 0001. 


Analog-to-Digital and Digital-to-Analog Converters 557 


i E 
The output voltage level caused by the D; bit (MSB) = 3 7 y : Ee 
level caused by the Dg bit = E MO sey 
The output voltage leve D; ji 5 ; 
PEDE AMET 
The output voltage level caused by the D; bit — zem qm 125 V. 
he D, bit = E U 
The output voltage level caused by the D, bi Srila j 
1 d by the D, bit (LSB) = E _ 10 _ 993906 V 
The output voltage level cause y o 8 356 


EXAMPLE 13.8 What is the resolution of a 9-bit DAC, which uses a ladder network? What 
is this resolution expressed as a percentage? If the full-scale output voltage of this converter 
is + 5 V, what is the resolution in volts? 


Solution 


The LSB in a 9-bit system has a weight of 1/512. Thus, this converter has a resolution of 
1 part in 512. The resolution expressed as a percentage is, (1/512) x 100 = 0.2%. The 
voltage resolution is obtained by multiplying the weight of the LSB by the full-scale output 
voltage. Thus, the resolution in volts is, (1/512) x 5 V = 9.8 mV. 


13.4 THE WEIGHTED-RESISTOR TYPE DAC 


The diagram of the weighted-resistor DAC is shown in Fig. 13.10. The operational amplifier 
is used to produce a weighted sum of the digital inputs, where the weights are proportional 
to the weights of the bit positions of inputs. Since the op-amp is connected as an inverting 
amplifier, each input is amplified by a factor equal to the ratio of the feedback resistance 
divided by the input resistance to which it is connected. The MSB D, is amplified by 


Briel, is amplified by R,/2R, D, is amplified by R;/4R, and Do, the LSB is amplified by 
e/8R. 


(MSB) D, 


Dio 


o Va [-0,+40, +40, + $0, R, 


Dye 


(LSB)D; o 


Fig. 13.10 Weighted-resistor type DAC. 
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The inverting terminal of the op-amp in Fig. 13.10 acts as a virtual ground. Since the 
op-amp adds and inverts, 

(pp Deg Pen Pe (At 

Kew wer X SS R 


out 


The main disadvantage of this type of DAC is, that à different-valued precision resistor 
must be used for each bit position of the digital input. 

EXAMPLE 13.9 For the 4-bit weighted-resistor DAC shown in Fig. 13.10, determine (a) 
uts are 0 V and 5 V, (b) the full-scale output, if 


ihe weight of each input bit if the inp t 
R-R-1 kQ. Also, find the full-scale output if R, is changed to 500 Q. 


Solution 
(a) The MSB passes with a gain of 1, 
a gain of 1/2, so, its weight = 5/2 
of 1/4, so, its weight — 5/4 = 1.25 
= 5/8 = 0.625 V. 


so, its weight = 5 V; the next bit passes with 
= 2.5 V; the following bit passes with a gain 
V; the LSB passes with a gain of 1/8, so, its 


weight 
- (11a dhs 


M 


n Ry = R= 1 KQ) RS 


(b) Therefore, the full scale output (whe: 
— 9.375 V. 


M 


The full-scale output, when R, is changed to 500 Q is 


: 1» 9nd 5 
y.-- prp =| == 
a (1+ x 2^ 3 x (3) 4.6875 V T 


EXAMPLE 13.10 Determine the output of the DAC in Fig. 13.112, if the sequence of the 


4-bit numbers in Fig. 13.11b is app 
Solution (omm 
First, let us determine the output current / for each of the weighted inputs. Since the 
inverting input (=) of the op-amp is at 0 V (virtual ground) and a binary | correspo r IJ 
+5 V, the current through any of the input resistors is 5 V divided by the resistance value. 


Thus, 
= 25m 5V 
Ig 7 MOK 0.0125 mA; I= 200 = 0.025 mA 
5V 
B= == ! 5V 
27 100kQ 0.05 mA; 1,= soul = 0.1 mA 


oon ae impedance of the op-amp is extremely large; therefore, 
ee d Pes the current, J, + J, + , + h, has to go through 

e ol i i i 
PETE E ne end of Rẹ is at 0 V (virtual ground), the drop across Ap VT 


lied to the inputs. Dy is the LSB. 
yd on = 
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og-to-Digital and Digital-to-Analog Converters 559 


d" JUL 
oS LLL 
tfe ion de zbend - 3. 
d eee Vl eso 
(a) DAC (b) Input to DAC 

Fig. 13.11 Example 13.10. 


20 KQ 


The output voltage due to input Dy, i 

s, 20 KQ (- 5 
The output voltage due to input D, is, 20 kQ a boy m Am hos 
The output voltage due to input D; is, 20 kQ (- 00 5 DAS iis ina 
The output voltage due to input D, is, 20 KQ (- 01 ud ? 2I ] uf 


From Fig. 13.11b, the first input code is i 

zi : 2 is 0001. For this, th i 

The next input code is 0010, for which the output voltage is — ieri sh e i 
Ri which K output voltage is — 0.75, and so on. Each Iioc binary ca des $ 
' s output vo tage by — 0.25 V. So, for this particular straight binary sequence of the ke 
the output is a staircase waveform going from 0 V to — 3.75 V in — 0.25 V steps. TI dod 
waveform is shown in Fig. 13.12. i Celia 


o55----r--rTrT 


59-9859 Tororo 
Epic EEE prn cet 


Fig. 13.12 Output waveform (Example 13.10). 


ted-resistor DAC whose full-scale output voltage is 
Q = 0 V. What is the output voltage when the 


EXAMPLE 13.11 Design a 4-bit weigh! 
- 5 V. The logic levels are 1 = + 5 V and 
input is 1101? 


Solution 


The full-scale output voltage is the output voltage when the input vo 
1111. Thus, 


ltage is maximum, ie. 


cV SV S R 
The full-scale output ^ — (ove E at 
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Therefore, 
Re 
mrs 
9375 x ^d 
Choosing R; = 10 kQ, and since = Rr _ 5. we have 
a a d R — 9315 


R= 
Thus, 
2R = 37.5 KQ; 4R = 75 KQ; 8R = 150 kQ 
When the input is 1101, the output voltage is 
, SVE EL cante wu e. 
Kare (sv Seo mt 8.125 x 1875 4.333 V 


13.5 THE SWITCHED CURRENT-SOURCE TYPE DAC 


e weighted-resistor DAC can be regarded as switched 
an input position goes HIGH, the HIGH voltage is 
effectively switched into the circuit, where it is summed up with other input voltages. Most 
integrated circuit DACs, however, use some form of current switching rather than voltage 
switching, since currents can be switched in and out of the circuit faster than voltages. In 
the former type, the binary inputs are used to open and close switches that connect and 
disconnect internally generated currents. The currents are weighted according to the bit 
positions they represent and are summed up in an operational amplifier. 

Figure 13.13 shows the circuit diagram of a current-switching type DAC. Note that an 
R-2R ladder is connected to a voltage source Erer. The current in the first 2R resistor from 
supply is given by J, = Eggg/2R, because Eper is directly applied across 2R. The current 
in the second 2R is given by Egge/4R because the equivalent resistance to the right of the 
second 2R is 2R and, so, the current Egg, /(R + R) coming into the first R is equally divided 
between the second 2R and the 2R to its right. 


The R-2R ladder network DAC and th 
voltage-source DACs, because when 


In general, the current that flows in each 2R resistor is given by, J, = (Be) Wa 
ut D, and N is the 


where n = 0, 1,..., N — 1 is the subscript for the current created by inp 
ion it represents. 


total number of inputs. Thus, each current is weighted by the bit posit 
The switches that connect the currents either to ground or to the input of th 

operational amplifier are controlled by the digital input. The op-amp sums up all 

currents whose corresponding digital inputs are HIGH. The amplifier also serves | a 

aig ie converter. It is connected in an inverting configuration and its outpu 

ge s ue À cd p ed of bx os that have been switched to its a 

E able voltage, the output i tional " 

product of the variable Epgp and the Varias digital oe tr d ER is called 
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R 


Fig. 13.13 The 4-bit switched current-source DAC. 


a multiplying DAC and the output represe d 
digital iRbue put represents the product of an analog input Ep, and a 


as aa switched current-source DAC in Fig. 13.13 has R = 5 kQ and 
REF = . Find the total current delivered to thi i 
eu AAT e amplifier and the output voltage when 


Solution 


Since the digital input is 1101, the total current into the amplifier, i.e. /; is given by 


=hthth 
_ (Ener) , ( Ene.) + (Free 
2R 4R 16R 


- (1210430) « 0 = Bnd 


Therefore, the output voltage, Voy =- /r X R=- (2x5) 


tal input of 0100 an output current of 10 mA 
for a digital input of 1011? 


EXAMPLE 13.13 In a 4-bit DAC, for a digi 
is produced. What will be the output current 


Solution 


Output current = 10 mA for a digital input of 0100, ie. ho: 


Analog output = K x digital input 
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Therefore, 


x= LMA = 25 mA 


Hence the output current for a digital input of 1011 is, Ll, X 2.5 = 27.5 mA 


13.6 THE SWITCHED-CAPACITOR TYPE DAC 


ploys weighted capacitors instead of weighted 


The switched-capacitor type DAC em 
rs form a capacitive voltage divider whose output 


resistors. In this method, charged capacito! 


is proportional to the sum of the binary inputs. 
Figure 13.14a shows an example of a 4-bit switched-capacitor DAC. Note that the 


alues have binary weights. A two-phase clock is used to control switching of 
goes HIGH, all capacitors are switched to ground and discharged. 
When ¢ goes HIGH, those capacitors where the digital inputs are HIGH are switched to 
Eger, whereas those whose inputs are LOW remain grounded. Figure 13.14b shows the 


equivalent circuit when ø is HIGH and the digital input is 1101. 
We see that the capacitors whose digital inputs are a 1, are in parallel and the capacitors 


whose digital inputs are a 0, are in parallel with C/8. The circuit is redrawn in Fig. 13.14c, 
where each set of the parallel capacitors is replaced by its equivalent capacitance. The 


output of the capacitive voltage divider is 


capacitance v - 
the capacitors. When ó 


In general, for any binary input, 
Cro 
Vout E ( 26 x E 
where 2C is the sum of all the capacitance values in the circuit and Cgo İS the sum of all 
the capacitors whose digital inputs are HIGH. 
The analog output is proportional to the digital 


positive PIE of Egg is effectively open-circuited as shown in Fig. 13.14d; so, the 
output is 0 V. ae 


in =e terial technology has been developed for implementing analog functions 
Lampe circuits, particularly MOS circuits. It is used to construct filters, amplifiers, 
ae other special devices. The principal advantage of this technology is that, small 
ndn e pe of a few picofarads can be constructed in the integrated circuits © 
"da nanon of the muchas e ETE d 
frequency analog circuits. r pacitors toata normally need yi 
m 


input. When the input is 0000, the 


me 


omc D. D, LSB 0, 


Digital input 
(a) All capacitors are switched to ground Those j 
switched to Erer by 6. e Capacitors whose digital inputs are HIGH are 


(b) Equivalent circuit when the input is 1101. The capacitors switched to Eger are in parallel 
as are 


the ones connected to ground. 
13C 3c $e i 
oe 3c V, E 
8 r1 ou = 26 = 75 Ener 


(c) Circuit equivalent to (b). The output is determined by a capacitor voltage divider. 


a ry =: x e sinas 


2 8 4 


(d) Equivalent circuit when the input is 0000. 
Fig. 13.14 The switched-capacitor type DAC. 


13.7 ANALOG-TO-DIGITAL CONVERSION 

An analog-to-digi eei ADC a digital output, that is 
i -digital converter (A/D converter oF ) ME 

Proportional to the value of Y N analog signal. When an analog signal is processed by 
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a digital system, an ADC is used to convert the analog voltage to a digital form suitable fi 
È e for 


processing by à digital system. 


3.8 THE COUNTER-TYPE A/D CONVERTER 


he A/D converter. It employs a binary counter, a volta 
AND gate, latches, and a D/A converter as shown E 
1 ramp ADC, because the waveform at the output of ia 
lly a staircase). The analog. signal to be converted is 
| of the op-amp comparator. The output of the DAC is 
p. Whenever the analog input signal is greater 
mp is HIGH and whenever the output of the 
e output of the comparator is LOW, The 
f the conversion signal. 


1 


This is the simplest type of th 
comparator, à control circuit, an 
Fig. 13.15. It is also called a digita 
DAC is a step-by-step ramp (actua 
applied to the non-inverting termina 
applied to the inverting terminal of the op-am 
than the DAC output, the output of the op-a 
DAC is greater than the analog signal, th 


comparator output serves as an active-low end o 


Anal 
wt 


Comparator 


Staircase 
reference voltage 


D/A converter 


Fig. 13.15 Logic diagram of the counter-type ADC. 


the output of the DAC is zero. 


Assume that initially the counter is reset and, therefore, 
f the DAC, the output of 


= the analog input is larger than the initial output o 
eee is hic and, therefore, the AND gate is enabled and, so, the clock pulses are 
— ia id i e eee and the counter advances through its binary states. These binary 
ue ae a into reference analog voltage (which is in the form of a step) by " 

luci ibe "a jani to advance from one state to the next, producing successi 
X Rae! eil Eee voltage. When the staircase output voltage reaches the VÀ. 

clock pulses cup te comparalor Een LOW, and the AND gate is disabled; Soi 
pur aci. ot Tie the counter and the counter stops. The count it into 
wire us gae to the analog input. The control logic loads the binary count m 
input value. The cycle tia és yates wl acter cout equ em 


Analog-to-Digi, 
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The resolution of this ADC is equal 
resolution can also be thought of ab * to the 
ation error. Thus, s the built- 


resolution of the DAC t contains. The 


in error i 
and is often referred to as the 


quanuz 
Resolution = FSR 
" fe 
pu a ries reading and N is the nu be 
s in the ^, the accuracy i UMEN 

accuracy of the circuit etch ce rete resolution h D depend 

ilehaidións PPAR qur ae ut is dependent on the 
E 5 precision resisto; 

rs, etc. 


igure 13.16 illustrates 
. F x k 3.16 1 lustrates the output of a 4-bit DAC in an ADC 
the analog input is a slowly varying voltage. s eral cycli hi 
5 Over sev les when 


Voltage 


9 
8 
7 
6 
5 
4 
3 
2 
1 


Time (s) 


Fig. 13.16 Output waveform of the counter-type ADC. 


ad NU EU EM of this type of converter is that, the conversion time depends 
cii Vul il le of the analog input. The larger the input, the more will be the number of 
coirt ail at must pass to reach the proper count, and, therefore, the larger will be the 
up ae m For each conversion, the counter has to start from reset only and count 
This type pes: at which the staircase reference voltage reaches the analog input voltage. 
converter is considered quite slow in comparison with the other types. 


13.9 THE TRACKING-TYPE A/D CONVERTER 


i. unter-type ADC is slow, because the counter resets itself after each conversion. The 
beca g-type ADC uses an up/down counter and is faster than the counter-type ADC, 
use the counter is not reset after each sample, but tends to track the analog input, ie. 

t. Thus, the total number of clock 


e 

NR. up or down formis jag count to its new coun a a 

between quired to perform a conversion is proportional to the change in the analog input 

the d counts, rather than to its magnitu 
nging analog input, this type of conve 


de. Since the count more or less keeps up with 
rter is called a tracking converter. 
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Figure 13.17 shows the logic diagram of a tracking type-ADC. As long as the D/A 
output reference voltage is less than the analog input, the comparator output is HIGH putting 
the counter in the up mode and causing it to produce an up-sequence of binary counts. This 
causes an increasing value of the reference voltage out of the D/A converter, which I 
continues until the staircase reaches the value of the input analog voltage. When the 
reference voltage equals the analog input, the comparator output switches LOW and puts 
the counter in the down mode, causing it to back up one count. If the analog input is now | 
decreasing, the counter will continue to back down in its sequence and effectively track the | 
input. If the analog input remains constant, the counter keeps on changing from up-to- | 

d, therefore, the output of the ADC keeps on oscillating about | 


down-to-up continuously an i 
ut. This is a disadvantage of this type of converter. Figure 13.18 
form of a tracking-type ADC. 


the constant analog inp 
shows the output wave 


DOWN 
UP  8-bit up/down counter 


Comparator | 
CLK 


Staircase 


jan Biel 
reference voltage D, D, D, D: D, Do 


D/A converter 


Fig. 13.17 Logic diagram of the tracking-type ADC. 


me interval between the starting of the 
the count). That is, the 
put to a digital output. 

eid 


The conversion time of this ADC is the ti 
conversion and the time the comparator outputs a LOW (stopping 
conversion time is the time required to convert a single analog in 


1 (max) = (2" = 1) clock cycles 


= (2" - 1) x time for 1 cycle eet 
The average conversion time = tolmax) m 
2 outa 


The ADC must perform at a rate equal to at least twice the frequency of the h 
mi m. 


component of the input. | ra 
FRAMES 1314 Determine the maximum conversion time that an ADC can haves 
used to convert signals in the range of 1 kHz to 50 kHz. is 


Oa. NO RHOON OO 


Time (s) 
Fig. 13.18 Output waveform of the tracking-type ADC. 
Solution 


Since the highest input frequency is 50 kHz, conversion: 
s should be performed at the rate 
of 2 x 50 x 10° = 100 x 10° conversions/s. The maxim ion ti 
f m all i 
therefore, equal to 1/(100 x 10°) = 10 ps. ith 


EXAMPLE 13.15 An ADC has a total conversion time of 200 us. What is the highest 
frequency that its analog input should be allowed to contain? 

Solution 

The highest frequency that the analog signal can contain is 


1 
eee =2. 
2x conversion time — 2 x 200 NER 


15.10 THE FLASH-TYPE A/D CONVERTER 


The flash (or simultaneous or parallel) type A/D converter is the fastest type of A/D 
converter. This type of converter utilizes the parallel differential comparators, that compare 
reference voltages with the analog input voltage. The main advantage of this type of 
converter is that the conversion time is less, but the disadvantage is 

of this type requires 2" — | comparators, 2" resistors, and a priority encoder. Figure 13.19 
shows a 3-bit flash type A/D converter which requires 7(= 2° - 1) comparators. A reference 
voltage Enpe is connected to a voltage divider that divides it into seven equal incremen 
levels. Each level is compared to the analog input by a voltage comparator. For any given 
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all those below it will have a HIGH output. All comparat 
‘or 


comparator and 
which produces a digital output corresponding 


ed to a priority encoder, 


the highest priority, which 
he digital output represents the voltage that is closest in value to the 


analog input, one © 
outputs are connect 
. to the input having 
largest input. Thus, t 


analog input. 


9 Analog 
input 


Erer 


Fig. 13.19 The flash-type ADC. 


The voltage applied to the inverting terminal of the uppermost comparator in F 
is (by voltage divider action), 
iHT 


N 


LIR z 
TRER X Ener = g X Eee f 


imilarly, the voltage applied to the inverting terminal of the second com 


6R Bien S 6 
TR R) Puer 7 g X Pret 
and so forth. The increment between voltages is lxg F 
3 REF- 


c-——— 


in this case is the one that represents thi 
e. 


wh 
ig. 13.19 


Analog-to-Digita and Digital-to-Analow 
log-to-D igital and Di I-to-Anal, 
gi Og 
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The flash converter uses no clock signal, b 
period. The conversion takes place Pree cre ecau 
the comparators and the priority encoders ira 
Figure 13.20 shows the block diagram of a mod 

an a MP jt requires two 4-bit flash BRA og F 

um bius iX e t 1)] comparators instead of 2C E n FS cabe 
is are converted back to m ped; a four most significant bits end dos N 
subtracted from the analog input. The e One ee this olg: 
voltage corresponding to the four most significant bits, is the analog input and the analog 
to the four least significant bits (LSBs). Therefore. that, 4 an analog voltage corresponding 
significant bits by another 4-bit flash convener ^ voltage is converted to the four least 


sc there is imi 
a ji " no timing or sequencing 
clays in the conversion are in 


A/D converter, To. perform 


4MSBs 


4-bit flash 
ADC 


8-bit digital 
output 


i 4-bit flash 
ADC 

Analog 

subtractor 


Fig. 13.20 Modified flash ADC. 


abe 13.16 Determine the digital output of a 3-bit simultaneous A/D converter for the 
d op input signal and the sampling pulses (encoder enable) shown in Fig. 13.21. Veer = 


Solution 


The resulting A/D output sequence is listed as follows and shown in Fig. 13.22 in relation 


to the sampling pulses. 
000, 010, 101, 


no 110; Tea 00, 009. DE, TU 


13.11 THE DUAL-SLOPE TYPE A/D CONVERTER 
atively inexpensive 


converters, but is reli 

ch as a DAC or VCO. Another 
to noise, and to variations in its 
se of its large conversion time, the 


me ual-slope converter is one of the slowest 
Ae aie it does not require precision components Su 
ae a of the dual-slope ADC is its low sensitivity 

ponent values caused by temperature changes: Becau: 
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Analog 
input 
voltage 


Sampling 
pulses pa [et us = 2d 


"mm EEEUN  €w 


7 


Sri P4 5 


Sampling 
pulses 


Fig. 13.22 » 


ns. The major applica 
etc. where slow CODY 
gnals havı 


dual-slope ADC is not used in any data acquisition applicatio! 
this type of converter are in digital voltmeters, multimeters, 
are not a problem. Since it is not fast enough, its use is restricted to si 
to medium frequencies. i 
A dual-slope ADC uses an operational amplifier to integrate the analog input. Th 
of the integrator is a ramp, whose slope is proportional to the input signal Eim ? 


Malos LET A 
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components R and G are fixed. If the ramp is allowed to 4 
voltage it reaches in that time, depends on the slope of the preis 
of Eir The basic principle of the integrating ADC is that pipes 

controls. the length of time that the binary counter is allowed vie reached by the ramp 
number proportional to the value of £j, is obtained. In the dual-slo vis Thus, a binary 
am performed. pe » two integrations 

Figure 13.23 shows the functional block diagram of a d 
1 : ual-slope A 
counter is reset and the output of the integrator is zero. A Pett A that e 
e switcl 


ue for a fixed time, the 
d, therefore, on the value 


input... 


Integrator 


Binary output 
Fig. 13.23 The dual-slope ADC. 


connected to the analog input. Assume that the input is a negative voltage and is constant 
for a period of time; so, the output of the integrator is a positive ramp. The ramp is allowed 
to continue for a fixed time and the voltage it reaches in that time is directly dependent on 
the analog input. The fixed time is controlled by sensing the time when the counter reaches 
a particular count. At that time, the counter is reset and the control circuitry causes the 
switch to be connected to a reference voltage Eger, having a polarity opposite to that of 
the analog input; in this case a positive reference voltage. Therefore, the output of the 
integrator is a negative going ramp, beginning from the positive value it reached during the 
first integration. The AND gate is enabled and the counter starts counting. When the m 
reaches 0 V, the voltage comparator switches to LOW, inhibiting the clock pulses. € 
counter stops counting. The binary count is latched, thus, completing one xcd A 
count it contains at that time is proportional to the time required for p A AR 
reach zero, which is proportional to the positive voltage reached during 5 è 
which in turn is proportional to the analog input. the values of the integrator 


The accuracy of the converter does not depend on Eggg; 50, the 
components or upon any changes in them. The accuracy does depend on Erer 


reference voltage should be very precise. 


13.12 THE SUCCESSIVE-APPROXIMATION TYPE ADC DC 
' idely used type of ADOS- 
The successive-approximation (SA) converter 1S one of the A aA: of the flash 
It has a much shorter conversion time than’ the other types 
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It also has a fixed conversion time which is not dependent on the value of the analog 

type: TUaso' nas Si" 

input. — block diagram of a 4-bit successive-approximation t 
Figure 13.24 sho n output register, a comparator, and control circuitry or logic. 


ADC. It En po The bits of the DAC are enabled one at a time, starting 
logus d E b bit is enabled, the comparator produces an output that indicates. 
with. the MSB. As ect voltage is greater or less than the output of the DAC Vax. If the 
whether the ae m the analog input, the comparator output Is LOW, causing the bit 
es ir to reset. If the D/A output is greater tian pe analog input, the 
ie SE tuns i HIGH and the bit is retained in the control register. 

compa r 


CLK 
Analog Va 
input ° Control START 
K 
oge Eoo —9 
Comparator 
DI 
Output - 
register 
Binary output. 


Vax 
T 


+ 
Fig. 13.24 The successive-approximation type ADC. ie" "E 
Va 


The system enables the MSB first, then the next significant bit, and so on. A y 
bits of the DAC have been tried, the conversion cycle is complete. The processin o 
bit takes one clock cycle; so, the total conversion time for an N-bit SA-type ADS 
N clock cycles. That is, ! 


t, for SAC = (N x 1) clock cycles 


The conversion time will be the same regardless of the value of Va. T 
the control logic has to process each bit to see whether a- 1. is needed, or ne 
The method is best explained by an example. Let us assume that the output © 
ranges from 0 V to 15 V as its binary input ranges from 0000 to 1111, wil d 
0 V, and 0001 producing | V, and so on. Suppose that the unknown analog. 
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y, is10:3 V- On the first clock pulse, the output register is loaded with 1000, which is 
converted by the DAC to 8 V. The voltage comparator determines that 8 V is less than the 
analog input (10.3 V); so, the control logic retains that bit. On the next clock pulse, the 
control circuitry causes the output register to be loaded with 1100. The output of the DAC 
is now 12 V, which the comparator determines as greater than the analog input. Therefore, 
the comparator output goes LOW. The control logic clears that bit; so, the output goes back 
to 1000. On the next clock pulse, the control circuitry causes the output register to be 
loaded with 1010. The output of the DAC is now 10 V, which the comparator determines 
as less than the analog input, Thus, on the next clock pulsc, the control logic causes the 
output register to be loaded with 1011. The output of the DAC is now 11 V, which the 
comparator determines as greater than the analog input; so, the control logic clears that bit. 
Now the output of the ADC is 1010 which is the nearest integer value to the input (10.3 V). 
At this point, all of the register bits have been processed, the conversion is complete 


and the control logic activates its EOC output to signal that the digital equivalent of V, is 
now in the output register. 
EXAMPLE 13.17 Compare the maximum conversion periods of an 8-bit digital ramp ADC 
and an 8-bit successive approximation ADC if both utilize a 1 MHz clock frequency. 
Solution 
For the digital-ramp converter, the maximum conversion time is 

(2% — 1) x (1 clock cycle) = 255 x 1 pis = 255 us 


For an 8-bit successive-approximation converter, the conversion time is always 8 clock 
periods, ie. 8 x 1 us = 8 pis. 

Thus, the successive-approximation conversion is about 30 times faster than the digital- 
ramp conversion. 


EXAMPLE 13.18. An 8-bit SAC has a resolution of 30 mV. What will its digital output be 
for an analog input of 2.86 V? 
Solution 


2.86 V 
30 mV 


2.88 V. The SAC always produces a final output, that i below the analog input. 
Therefore, for the case of V, = 2.86 V, the digital result would be 95j, = 010111115. 
A Specific A/D Converter i ; 


Since, 


= 95.3, the step 95 would produce 2.85 V and step 96 would produce 


el ADC 9801 is an example of a successive-approximation type analog-to-digital 
sù p The pin diagram is shown in Fig. 13.25. This device operates from a+ 5 v 
M Y, and has a resolution of 8 bits with a conversion time of 100 ps. Also, it has 
5 aranteed monotonicity and an on-chip clock generator. The data outputs are tri-stated so 


ad x can be interfaced with a microprocessor bus system. The two analog inputs are Kyy: 
IN-« í - e ^ 
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ADC 0801 


WR 
CLK IN 
Analog M DB3 
inputs Vine Digital data 
a DB4 outputs 


ANG 
GND GND 


Fig. 13.25 Pin configuration of the ADC 0801. 


CS (Chip Select): This input has to be in active-LOW state, for RD and WR inputs 


to have any effect. With CS HIGH, the digital outputs are in the Hi-Z state and no 
conversion takes place. 


RD (Output Enable): This input is used to enable the digital output buffers. With cs = 
RD = LOW, the digital output pins have logic levels representing the results of the last 
A/D conversion. 


WR (Start Conversion): A LOW pulse is applied to this input to signal the start of a 


new conversion. 


= ae 
INTR (End of Conversion): This output signal will go HIGH at the start of a conversion 
and retum LOW to indicate the end of the conversion, sn 


V../2: This is an optional input that can be used to reduce the internal d 
and thereby change the analog input range that the converter can handle. y 


CLK OUT: A resistor is connected to this pin to use the internal clock. The cl 
appears on this pin. 


CLK IN: It is used 


for the external clock input, or for the capacitor connection ! 
the internal clock is use 


E 
Voitage-to-Frequency Apc 


The voltage-to-frequency ADC is sim 
Instead, it uses 


que pler than other ADCs, because it does not i 
a linear voltage controlled oscillator (VCO) that produces a! 
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frequency proportional to its input voltage. The analog voltage is applied to the VCO to 
;enerate an output frequency. This frequency is fed to a counter, to be counted for a fixed 
interval. The final count is proportional to the value of the analog input. 
To illustrate this, suppose the VCO generates a frequency of 5 kHz for each volt of 
input (i.e. 1 V produces 5 kHz, 1.5 V Produces 7.5 kHz, 2.6 V produces 13 kHz). If the 
analog input is 4.65 V, then the VCO output will be a 23.25 kHz signal that clocks a counter 
for, say, 10 ms. After the 10 ms counting interval, the counter will hold the count of 232. 
Although this is a simple method of conversion, it is difficult to achieve a high degree of 
accuracy because of the difficulty in designing VCOs with accuracies better than 0.1 per cent. 
One of the main applications of this type of converter is in noisy industrial 
environments, where small analog signals have to be transmitted from transducer circuits 
to a control computer. The small analog signals can get drastically affected by noise, if they 
are transmitted directly to the control computer. A better approach is to feed the analog 
signal to a VCO, which generates a digital signal whose Output frequency changes according 
to the analog input. The digital signal is transmitted to the computer and will be much less 
affected by noise. Circuitry in the control computer will count the digital pulses to produce 
a digital value, equivalent to the original analog input. 


time 


SUMMARY 


An analog quantity can take on any value over a continuous range of values. 

e A digital quantity takes on only discrete values, expressed as binary numbers or codes, 

* Digital processing of analog signals requires A/D and D/A converters. 

e ADCs and DACs function as interfaces between a completely digital system, such as 
a digital computer, and the analog world. 

* D/A conversion is the process of converting a value represented in a digital code to 

à voltage or current proportional to the digital value. 

The output of DAC is not a true analog quantity; it is a pseudo-analog quantity. 

* The resolution of a DAC is defined as the smallest change that can occur in the analog 
Output as a result of the change in the digital input. 

. R resolution of a DAC is equal to the step size, being equal to the weight of the 

* The offset voltage of a DAC is the small voltage that appears at its output, when its 

binary input has all Os. 

The output of a monotonic DAC increases when its binary input is incremented. 

* The settling time of a DAC is the time taken by its output to settle down to within 
* 1/2 step size of its final value after the application of the digital input. 

* The step size of DAC is the same as the proportionality factor in the DAC I/O 
relationship, 

*. The full-scale error is the maximum deviation of the DAC's output from its expected 
Value, expressed as a percentage of full-scale. 


Fundamentals of Digital Circuits 


The R-2R ladder type DAC is the most popular DAC. zupa 
The disadvantage of the weighted-resistor DAC is, that a different-valued Precision 
resistance is needed for cach bit position of the digital input. Ws 
Switched-current DACs are faster than the switched-voltage DACs. 1; -— 
A/D conversion is the process of converting an analog input voltage to a number of A 
equivalent digital output levels. o agr 
An ADC produces a digital output proportional to the value of the input analog signal, 
The process of approximation used in digitizing samples is called quantization, 
Linearity error is the maximum deviation in step size from the ideal step size, le 


n 
The counter-type ADC is the simplest and the flash-type the fastest, The Counter-type 
ADC is somewhat slower, but can digitize high resolution signals, ms 


The tracking-type ADC is also called the continuous-conversion type ADC, 

The flash converter is the fastest and the most expensive ADC, 

The dual-slope ADC is the slowest type, but it is cheap and offers excellent accuracy 
in a relatively inexpensive circuit. This ADC is widely used in digital voltmeters, - 
The successive-approximation type ADC is the most widely used type of ADC. 


QUESTIONS 


Define the following parameters of DACs: (a) resolution, (b) accuracy, (c) mono- 
tonicity, (d) settling time, (c) offset voltage, (f) conversion time, (g) percentage 
resolution, (h) full-scale error, (i) linearity error, and (j) step-size. R 


How many different output voltages can an 8-bit DAC produce? 
What is the advantage of a smaller (finer) resolution? 
What is the advantage of the R-2R ladder DAC over the weighted-resistor type DAC? 


A certain 6-bit DAC uses binary weighted resistors. If the MSB resistor is 40 kQ, what 
is the LSB resistor? —— 


B 


Why are voltage DACs generally slower than current DACs? 
List the various types of DACs and ADCs. Name the most widely used DAC. 


Why does the conversion time increase with the value of the analog input voltage in 
a counter-type ADC? i | 


What is the major advantag i a ied 
ge and disadvantage of = ? e other. 
name of the flash-type ABC? ge of a flash-type ADC? What is the ot 


Does a flash-type ADC contain a DAC? 
W at is o " 1 ; 
: hat is the main advantage and disadvantage of a SAC over a digital-ramp ADC? 
= does the up/down digital-ramp ADC improve upon the digital-ramp ADC? 
pe: one advantage and one disadvantage of the digital-ramp ADC. iT fac 
Jive two advantages and one disadvantage of the dual-slope ADC. r^ - 


wi 


Name three types of ADC that do not use a DAC, 

which is the fastest ADC and why? 

what is the other name of the counter-type ADC? 

With the help of neat diagrams explain the working of the following DACs and ADCs. 
(a) R-2R ladder network type DAC 

(c) Current-switching type DAC 

(e) Current-type ADC 

(g) Flash-type ADC 

(i) Successive-approximation type ADC. 
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(b) Weighted-resistor type DAC 
(d) Switching-capacitor type DAC 
(f) Tracking-type ADC 

(h) Dual-slope ADC 


PROBLEMS 


A 5-bit DAC produces an output of 0.1 V for a digital input of 00001. What is the 

full-scale output? Find the output for an input of 10101. 

The logic levels used in a 6-bit R-2R ladder DAC are: | = 5 V and 0 = 0 V, Find 

the output voltage for inputs (a) 010110, and (b) 101011. 

The logic levels used in an 8-bit R-2R ladder DAC are: 0 = 0 V and 1 = + 5 V. What 

is the binary input when the analog output is 4 V? 

Design a 6-bit weighted-resistor DAC whose full-scale output voltage is — 12 V. 

Logic levels are 1 = + 5 V and 0 = 0 V. What is the output voltage when the input 

is 10112 

How many bits are required for a DAC, so that its full-scale output is 12.6 V and 

resolution 20 mV? 

A 6-bit DAC has an output current of 20 mA for a digital input of 101100. What will 

be the output current for an input of 010110? 

In the switched current-source DAC shown in Fig. 13.13, R =10 kQ and Eger = 

15 V. Find the current in each 2R resistor when it is connected to Eye 

An 8-bit switched current-source DAC of the design shown in Fig. 13.13, has R = 

5 KQ and Ege, = 20 V. Find the total current /, delivered to the amplifier and the 

Output voltage when the input is 01110100. 

The maximum conversion time of a tracking-type ADC is 100 ns. At what frequency 

is it clocked? 

A flash-type 5-bit ADC has a reference voltage of 20 V. How many voltage 

Comparators does it have? How many resistors does it have? What is the increment 

between the voltages applied to the comparators? 

The resolution of a 12-bit ADC is 10 mV. What is its full-scale range? 

The frequency com input to an ADC range from 50 Hz to 50 
ponents of the analog input to an AD Er T AES 

KHz. What is the maximum total conversion time that the converter can have? 

An S-bit SAC has a resolution of 15 mV. What will its digital output be for an analog 

input of 2.65 y? 
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MEMORIES 


14.1 THE ROLE OF MEMORY IN A COMPUTER SYSTEM 
Program and Data Memory 


Basically, memory is a means for storing data or information in the form of binary words, 
It is made up of storage locations in which numeric or alphanumeric information or 
programs (sets of instructions that a computer executes to achieve a desired result) may 
be stored. Memory used to store data is called data memory, and memory used to store 
programs is called program memory. Small special-purpose computer systems may have 
little or no data memory, whereas a large portion of memory of a general-purpose computer 
system is usually reserved for data storage. 

Computers which store programs in their memory are called stored-program type 
computers. Virtually, all modern computers are of the stored-program type. In these 
computers, programs are stored as a set of machine language instructions, in binary codes. 
Each memory location is identified by an address. The number of storage locations can vary 
from a few in some memories to millions in others. 

Each storage location can accommodate one or more bits. Generally, the total number 
of bits a memory can store is its capacity. Sometimes the capacity is specified in terms of 
bytes. Memories are made up of storage elements (FFs or capacitors in semiconductor 
memories and magnetic domains in magnetic memories), each of which stores one bit of 
data. A storage element is called a cell, &.El 

Magnetic tapes and magnetic disks are popular mass storage devices that cost less per 
bit than the internal memory devices, A newer entry into the mass memory category is the 
magnetic bubble memory (MBM), a semiconductor memory that uses magnetic ua 

as 


to store millions of bits on one chip. The MBM is relatively slow and cannot be u: 
an internal memory. 


TET 
Main and Peripheral Memory 


alian monary Computer and is very fast. The peripheral memory also cal 

ch NE Pv A typically add-on memory with very large storage capacity, b i 

large dini © maim memory. It often serves as the data memory for storing eni 
Be quantities of data. The main memory that serves as the program memory is in 
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Computer memories may also be classified as main or peripheral. The main vie ie 
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ication with the CPU during program execution. The program to be currently 
d any data used by the program are stored in the main memory. Semiconductor 
well-suited as the main memory because of their high speed of operations. 
iconductor memory is typically constructed from semiconductor IC devices, 
heral memory consists of magnetic tapes or disks. In older computers, the 
ry was constructed from tiny electromagnets called magnetic cores and the term 

r simply core was used synonymously with the main memory. Mass storage 

; to memory that is external to the main computer (magnetic tapes and disks) and has 
refers ity to store millions of bits of data without the need for electrical power. Mass 
the ipee much slower than the main memory and is used to store information 
nene s, data, etc.) not currently being used by the computer. The required information 
ror feed i the main memory from the mass memory when the computer actually 
IS 


needs it. 


44.2 MEMORY TYPES AND TERMINOLOGY 


whe! 
main memo! 
core memory o 


Memory Organization and Operation 


mory, regardless of its type or use, consists of locations for storing binary 
wu Y bits. Each location is identified by an address. A word is the fundamental 
group of bits used to represent one entity of information such as one numerical value. The 
word size—the number of bits in a word—varies among computer Systems and may range 
from 4 to 64 or more bits. The word size is usually expressed as a certain number of bytes. 
or example, a 16-bit word is 2 bytes. : 
i A e location is thus a hi of devices capable of storing one word. For example, 
each memory location in an 8-bit microcomputer (one that uses 8-bit words) might aan 
of eight latches. Each latch, stores one bit of a word, and is referred to as a cell. The 
capacity or size of a memory is the total number of bits or bytes or words that it can eda 
For convenience, the size of a memory is expressed as a multiple of 2'° = 1024, whic 3 
abbreviated K. For example, a memory of size 2!! — 2048 is said to be 2K. A memory o 
size 2^ (16,384) is 16K, and a memory of size 2'° (65,536) is 64K. steal 

Every memory system requires several different types of input and outpui 

perform the following functions. 


; ite operation. 
Select the address in memory that is to be accessed for a read or write 


Select either a read or a write operation to be performed. d x 

Supply the input data to be stored in memory during a write operation. 

Hold the output data coming from memory during a read operation. m 
Enable (or disable) the memory, so that it will (or will not) respond to the 


inputs and read/write command. 
Figure 14. 1a illustrates these basic functions in a simplified diagram d icine 
Tes 32 4-bit words. Since the word size is 4-bits, there ere fy data to be stored 
in and four data output lines Où to O;. During a write operation, tion, the word being 
? memory have to be applied to the data input lines. During a read operation, 


Teg " 
cad from memory appears at the data output lines. 


ne 09 MN — 
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Data inputs Memory cells Addres: 


00000 
00001 
00010 
00011 
00100 
00101 


Read/write command 


Memory ENABLE 


11101 
11110 
11111 


Data outputs 
(a) (b) 


Fig. 14.1 (a) Diagram of a 32 x 4 memory and (b) arrangement of memory cells. 


Address inputs 


Since this memory stores 32 words, it has 32 different storage locations and, thercfore, 32 
different binary addresses ranging from 00000 to 11111 (0 to 31 decimal). Thus, there are 
five address inputs Ay to A4. To access one of the memory locations for a read or write 
operation, the 5-bit address code for that particular location is applied to the address inputs. 
In general, N address inputs are required for a memory that has a capacity of 2" words, 

We can visualize the memory of Fig. 14.1a as an arrangement of 32 registers with each 
register holding a 4-bit word as illustrated in Fig. 14.1b. Each address location is shown 
containing four memory cells that hold Is and 0s to make up the data word stored at that 
location. 
The R/W input 

waa 

The read/write (R/W) input line determines the memory operation that would take place. 
Some memory systems use two separate inputs, one for read and one for write. When a 
single R/W input is used, the read operation takes place for R/W = 1 and the write 
operation takes place for R/W = 0. ~ 


yl 
Memory ENABLE nd X 
Many memory systems have some means of completely disabling all or part of the memory 
So that it does not respond to the other inputs. This is represented in Fig. 14.la as the 
memory ENABLE input, although it can have different names in the various memory 
ponis Here it is shown as an active-HIGH input that enables the memory. to opsi 
normally when it is kept HIGH. A LOW on this input disables the memory, preventi 

to respond to address and R/W in 
modules are combine 


puts. This type of input is useful when several memory 
d to form a larger memory. vri gd lor 
wie 


moit bi 
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p141 A certain memory has a capacity of 8K x 16. 
pxAMPL y many data input and data output lines does it have? 
(a) e many address lines does it have? 
d What is its capacity in bytes? 


solution 

Solu .) Since the word size is 16 bits, data input and data output will be 16 lines each. 
(a) The memory stores 8K = 8 x 1024 = 8192 words. Thus, there are 8192 memory 

(b) ddresses. Since 8192 = 2". it requires 13 address lines. 

(c) A byte is 8-bits. This memory therefore, has a capacity of 16K bytes, 


Reading and writing 


The process of storing data in memory is called writing in memory. Retrieving data from 

emory is called reading memory. Figure 14.2 illustrates how reading from and writing into 
EU is accomplished in an 8-bit microprocessor system. The microprocessor serves as 
c ce processing unit (CPU) for the computer. It contains an arithmetic/logic unit 
(ALU), numerous registers, and logic circuitry, that it uses to perform read and write 
operations as well as to execute programs. Note the control signals labelled read and write. 
The CPU activates these when a read or a write operation is to be performed. The wide 
two-headed arrow represents an 8-bit data bus consisting of eight lines on which data bits 


Bidirectional 


Microprocessor 
(CPU) 


16-bit address 


Write bus 
Control signals 


Fig. 14.2 Reading and writing of data in a microcomputer system. 


Dy through D, are transmitted. It is called a bidirectional data bus, pape len 
Tansmittcd from the CPU to memory (when writing) or from memory to 


4 i its 
mading). The unidirectional address bus is the set of lines over A J ilem 
the address bits corresponding to the memory address to be aris WOCHE CPU ddi 


example shown, the address bus is a 16-bit bus (Aq through A;s) : d 

“cess (read or write into) up to 2! = 65,536 different memory addresses. ed pe ded 

55 a typical sequence of events, during which a byte is read from one memory (OCS 

Written into another. ansia mehndi hanai 
the bit address, soy, 00A. 


t 


l- The CPU activates the read control and transmits 
to memory via the address bus. NOS 


ü 
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2. As a result of step 1, the 8-bit word stored in address 000A,,, say, 45,6 is placed 
on the data bus and transmitted to the CPU. 

3. The CPU activates the write control and transmits the 16-bit address, say, 000B, 

to memory. It also transmits the 8-bit data word 45,, to memory via the data lines, 


4. As a result of step 3, the data word 45,, is stored at address 000B,, (the original 


contents of that address are lost). 


RAMs, ROMs, and PROMS 


The type of memory we have discussed is called the read/write memory (RWM) because 
it can be accessed for both these kinds of operations. On the other hand, read only memory 
(ROM) cannot be written into. It, is therefore, used for permanent storage of programs or 
data in dedicated applications. E k 

The data stored in RWMs constructed from semiconductor devices will be lost if power 
is removed. Such memory is said to be volatile. But ROM is non-volatile. Random access 
memory (RAM) is the memory whose memory locations can be accessed directly and 
immediately. By contrast, to access a memory location on a magnetic tape, it is necessary 
to wind or unwind the tape and go through a series of addresses before reaching the address 
desired. Therefore, a tape is called the sequential access memory. It is conventional to use 
the term RAM to mean read/write memory, in contrast to ROM. However, most ROMs are 
random access (to read only) in the sense we have described. 

There are three types of ROMs available in ICs. The term ROM by itself generally refers 
to an IC memory whose contents are permanently stored by the manufacturer at the time 
the circuit is fabricated, a so called factory-programmed ROM. Storing the contents of a 
ROM is called ‘programming the ROM’, although the contents are not necessarily a 
computer program. The manufacturing process of ICs involves the use of a mask which 
is like a template that controls the structure of the circuit. Once a mask ROM is 
manufactured, its contents cannot be altered. Manufacturers provide several standard ROMs 
such as those containing look-up tables and many manufactures custom build a ROM to 
user’s specifications. 

A second type of ROM available from manufacturers is called the programmable read 
only memory (PROM). A PROM is basically a blank ROM that can be programmed by à 
user by using a special PROM programming apparatus. It is thus said to be field 
programmable. Like a ROM, once a PROM is programmed, its contents cannot be altered. 

A third type of ROM available from manufacturers is called the erasable programmable 
read only memory (EPROM). An EPROM can be field programmed and also subsequel 
een is, the contents can be erased and new contents stored in their place. 
he pii EPROM are still referred to as permanent, in the sense that they are non 
pene ina EHE and reprogrammed only through the use of special equip 
UV light and those that pene PPROMS N or sal gan, bg erased by expos iig fh 
B E can erased by subjecting them to certain electrical voltages. y 

ype is called an electrically erasable PROM or EEPROM. It is also call 


electrically alterable PROM (EAPROM ; M ‘or an 
electrically alterable ROM (EAROM), ), or an electrically erasable ROM (EERO! A), 
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ents of Memories 


constitu 


at the A 
;now thal BJTs and MOSFETs. The IC memories are available in both of these 


owever, not every type of memory we have discussed is available in bipolar 


re are two principal types of transistors used in the manufacture of digital 


A MOSFETs are more easily manufactured than BJTs and occupy much less 
*» an IC chip, that technology has become more dominant in the production of large 
space T integrated circuit memories. However, the BJT memory is considerably faster than 
capiti memiOry and the BJT ICs are used in applications where high speed is more 
he M han the large storage capacity. Memory circuits constructed with the PL 
-hnology are also available. These feature higher speeds than those of the MOS memories 
i eater capacity per circuit than that of the BJT memories. 
e E Chapter 11, we discussed dynamic logic in which logic levels are preserved as charge 
(or es of charge) on capacitances. Dynamic memory is constructed with this 
technology. Its principal advantages comprise very large number of memory cells ina single 
circuit and very low power consumption. However, such circuitry must be periodically 
refreshed to replenish the stored charges. This requirement adds somewhat to the 
complexity of the systems that incorporate dynamic logic. Dynamic memory is available 
only in MOSFET circuits. To distinguish between the dynamic memory and the memory 
that utilizes conventional storage devices such as latches, the latter type is termed static 
memory. Static memory is available in both BJT and MOSFET technologies. To distinguish 
between static RAM and dynamic RAM, the terms SRAM and DRAM are sometimes used. 
Figure 14.3 summarizes the technologies used in the manufacture of IC ROMs and RAMs 
(read/write memories). 


important t 


14.3 READ ONLY MEMORY (ROM) 
ROM Organization 


A typical block diagram for a ROM is shown in Fig. 14.4. It has three sets of Lae 
address inputs, control input, and data outputs. We can see that this ROM can store 1 
Words since it has 2* = 16 possible addresses, and each word contains eight bits since iner 
are eight data outputs. Thus, this is a 16 x 8 ROM. Another way to describe mano 
capacity is to say that it stores 16 bytes of data. The data outputs of most ROM ICs a 
"risate outputs to permit the connection of many ROM chips to the same data bus for 
memory expansion, 


nah’ Control input CS stands for chip select. This is essentially An Se pr us 
ables or disables the ROM outputs. Some manufacturers use different labels fo 


control input.’such as CH C G5 able). Many ROMs have two or 
> as CE (chip enable) or OE (output en 5 
more control inputs that have "i be active in order to enable the data outputs. In some ROM 


TEM: OM in a low-power 
he control inputs (usually the CE) is used to place the Rí a 
i ystem 
Y mode when it is not being used. This reduces the current drive from the sys 


Gs i in the 
Supply. The CS input shown in Fig. 14.4 is active-LOW, therefore, it must be in 


ICs, one of ti 
Standby 


Power 
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(b) Read/write memories (also called RAM memories). 


Fig. 14.3 Technologies used in the fabrication of IC memories. ibas 
tar 
:Q MOS 
aquel 
Address Data z i. 
ts ts o 
input output "y 
MU 
Y 
aug. 
ò CS (chip select) f fitis 
Control input Ma a a 


Fig. 14.4 ROM block diagram. 


if ^ e " 
e: state to enable the ROM data to appear at the data outputs. Notice that. 
(read/write) input, because data cannot be written into the ROM during: 
ati "S ix ke 
operation. If CS is kept HIGH, the ROM outputs will be disabled and remain in: 
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ere i tputs dui 
ne data out j tin CHA EU i , 
of the te of the ROM's operating speed. Access time is described graphically by the 


vm in Fig. 14.5. 


1 


Address 


Old 
inputs address 


: s 
Ln. 
Fig. 14.5 Typical timing diagram for a ROM read operation. 


The top waveform represents the address inputs, the middle waveform is an active- 


LOW chip select, CS, and the bottom waveform represents the data outputs. At time fo 


the address inputs are all at some specified level, some HIGH and some LOW. The PN 


E So that the ROM data outputs are in their Hi-Z state (represented by 
"St prior to 4, the address inputs are changing to a new ue 


Mon At tj, the new address is valid, that is, each address i 
i, ^ point, he internal ROM circuitry begins to decode the new a 
A. : s 
to ee Which is to send its data to the output buffers. At 4, 
data that the output buffers. Finally at t}, the outputs change from the 
represent the data stored at the specified address. The ou 


the q E 
"y between the CS input and the valid data output. 


fp Perron 


— 
a» COM bae gE MAU o wa a 
cun Ps ae 
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Types of ROMs 


The mask-programmed ROM (MROM) 


The mask-programmed ROM has its storage locations written into (programmed) by the 
manufacturer according to the customer's specifications. A photographic negative called a 
mask is used to control the electrical interconnections on the chip. A special mask is 
required for each different set of information to be stored in the ROM. Since these masks 
are expensive, this type of ROM is economical only if manufactured in large quantities. A 
major disadvantage of this type of ROM is, that it cannot be reprogrammed in the event of 
a design change requiring a modification of the stored data. Mask-programmed ROMs are 
commonly referred to as ROMs, but this can be confusing since the term ROM actually 
represents a broad category of devices that, during normal operation, are only read from. 
So, mask-programmed ROMs may be referred to as MROMs. 

Figure 14.6a shows bipolar ROM cells. The presence of a connection from a row line 
to the base of a transistor represents a 1 at that location, because when the row line is taken 
HIGH all the transistors with a base connection to that row line turn on, and connect the 
HIGH (1) to the associated column lines. At the row/column junctions where there are no 
connections, the column lines remain LOW (0) when the row is addressed. 


COLUMN COLUMN 


ROW == AN ROW---- 
storing a 1 
(a) Bipolar cells 
COLUMN 
ROW:--- 
T ROW---- 
storing a 1 
(b) MOS celis 


Fig. 14.6 Bipolar and MOS ROM cells. 
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b illustrates MOS ROM cells. They are basically the same as thc bi 
i ipol: 
ept that they are made with MOSFETs. The presence or absence of : gs 


Figure 14.6 


ROM cells, exe : 
jon at a Junction permanently stores a | or a 0 as shown. 


connect 


programmable read only memories (PROMs) 


Mask-programmed ROMS are not economically feasible unless produced in large quantities. 
On the other hand, the field programmable ROM or PROM is ideally suited for development 
work and small production quantities. The PROMs are not programmed during the 
manufacturing process, but are custom-programmed by the user. Once programmed, 
however, à PROM is like an MROM, which cannot be erased and reprogrammed. Thus, if 
the program in the PROM is faulty or has to be changed, it has to be thrown away. For 
this reason, these devices are often referred to as ‘one-time programmable’ ROMs. PROMs 
are often used during testing and refining new system designs because they can be replaced 
with relatively little effort and cost. 

The PROM structure is very similar to the MROM, but the PROMs are manufactured 
with fusible links that can be selectively ‘blown’ by the user to create open circuits ina 
cell array. Figure 14.7a shows an array of bipolar cells having fusible links in series with 
the emitters of all transistors. Since every collector is connected to Vcc, 1s are stored at 
every memory location. Using a special apparatus called a PROM programmer, a user 
causes a large current to flow through the transistors at cells, where a 0 is to be stored, 
The current blows open the fuses in those cells, thus, disconnecting the emitters. Figure 
14.7b shows an example. Once a PROM has bcen programmed, its contents cannot be 
changed (except to store additional 0s) because the burned-open links cannot be restored. 

Fusible links are constructed by using à metal such as nichrome or titanium-tungsten, 
or by using polycrystalline silicon. A PROM programmer subjects the selected cells to 
current pulses whose amplitudes and durations are closely controlled, as necessary to bum 
the type of links used. A typical commercially available programmer is fully automatic, ^ 
the sense that the data to be stored in the PROM can first be loaded into the —ÀÀ 
Which then automatically sequences through the memory addresses of the PROM an 


Bipolar PROMS are available in a wide variety of organizations, including 32 x 8 
(74S188/288), 256 x 4 (748287/387), $12 x 4 (74S570/71), 256 x 8 (74LS471), 512 x 8 
(748472/73), 1024 x 4 (74S72/73), 1024 x 8 (775180 series, 2048 x 4 (775184 in 
2048 x 8 (78190 series), 4096 x 4 (778195 series), and 4T 8 (778321 series) Al 
have enabling/chip select inputs, and different esr c are available with open col 


3-state out s tured with 0s 
puts to facilitate expansion. Many are manu 
instead of ls Most MOSFET PROMS are erasable (EPROMS but some large cape 


PROMs are also available. Examples include, the 128K x 8 TMX 


16 TMX 27PC2 i 
10. The TMS 27PC256 is & CMO 
ME power dissipation of only 1.4 mW. It is available wi 
nging from 120 to 250 ns. 


E 

un programmable read only memories (EPROMS) i 

mite the fusible-link PROM, the erasable PROM (EPROM) is also useful for iege om 
experimental work, because its contents can be with relative ease 
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Output data bits 


D, 


Address 
rows 


(a) A bipolar PROM array before programming. All fusible links are 
intact, so a 1 is stored in every cell. 


Output data bits 


D; 


Address 
tows 


(b) Example of the PROM arra: T il 
y after programming. The fusible links 
have been permanently burned to DEC 0s at the ned 


locations. The word 010 is stored at address 0 and 101 at address 1. p 
Fig. 14.7 A bipolar PROM array before and after programming. j 
"a 


small cost. The principal feature of the EPROM is, that its contents can be erased and 
reprogrammed, enabling the same devi ned, the 
von D aaa , levice to be used repeatedly. Once programm: 

olatile meaning that it would hold its stored data indefinitely. "The term ultra 


———— 
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" "my erasable PROM is often used with EPROM, since that is the mechanism used 
vil : 


of programming an EPROM involves the application of special voltage 
ically in the 10 to 25 V range) to the appropriate chip inputs for a picked 
7 ount of time (typically 50 ms per address location). The programming is usually 
amo y a special circuit, which is outside the circuit in which the EPROM would 
working. The complete programming process can take up several minutes for 


m EPROM chip. The EPROM cells are constructed from MOSFETs whose gates have a 


To erase an EPROM, the cells must be exposed to relatively intense UV radiation. The 
EPROMs have à transparent quartz window to permit exposure of the cells to UV radiation. 
This erasing process typically requires 15 to 30 minutes of exposure to UV rays. 
Unfortunately, there is no way to erase only the selected cells; the UV light erases all cells 
at the same time; so an erased EPROM stores all 1s. Once erased, the EPROM can be 
reprogrammed. Once an EPROM has been programmed, an opaque label is placed over the 
window to prevent stray radiation from causing gradual erasure. 

The EPROMs are available in a wide range of capacities and access times; devices with 
a capacity of 128K X 8 and an access time of 45 ns are commonplace. A popular line of 
commercially available EPROMs is the 27XX and the 27CXX series, in both NMOS and 
CMOS (27CXX) versions. The XX designates the capacity in K bits. All devices in the 
series store 8-bit words. For example, the 2732 is a 4K x 8 NMOS EPROM. 


Electrically erasable PROMS (EEPROMs) 


As noted earlier, the EPROMs have two major disadvantages. First, they have to be 
removed from their sockets in order to be erased and reprogrammed. Second, the eraser 
removes the complete memory contents; this necessitates complete reprogramming even 
n only one memory word has to be changed. These disadvantages are overcome im 
OMs. i 
The electrically erasable PROM (EEPROM) represents the most recent development in 
the evolution of ROM technology. Unlike the UV erasable PROM, the 
Pei have to be removed from a circuit and exposed to à 
Wie any, EEBRONE can be both e ee 
s , So it is possible to integrate €! gramm 
de utilizing the Macs ir n capabilites bring the EEPROM à step iad 
coming a non-volatile R/W memory, the time required to ‘write e an 


ies in the millisecond range, far less than that required by the conva bl 
Testor *r advantage of the EEPROM over the EPROM Is ihat MEN very short time 
(10 mg è Single byte in an array. Also, the EEPROM can be PY light) and programmed 
rapidly "Pared to 30 minutes required for EPROM in external UV. werd compared with a 
0 R (it requires only a 10 ms programming pulefoo = 
The we required for an EPROM). decer 
in 19g] el 2816 was the original EEPROM. It was introduced n. 2864 is an 8K X 
EEPR Ne X 8 capacity and an access time of 250 ns. — voltages for the eraser 
and pr, Which contains on-chip cireuitry that generates the hish wer si This 
gramming operations so that the chip requires onjy; a Kee 
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use as the static RWM devices. Of course, unlike the 
latile and will hold all written data when power is turned 
less complex internal circuitry and much faster 


makes the 2864 almost as easy to 
static RWM, the EEPROM is non-vo 
off. On the other hand, the static RWM has 


access time. 


Applications of ROMS 
ROMs can be used in any application requiring non-volatile data storage, where the data 
rarely or never changes. We briefly describe below some of the most common application 


areas. 


Microcomputer program storage (firmware) 

are is the most widespread application of ROMs. Some 
ROMs to store their operating system programs 
so that the computer can be used immediately 
after power is tumed on. Products that include a microcomputer to control their operation 
use ROMs to store the control programs. Examples are, electronic games, electronic cash 
registers, electronic scales, and microcomputer-controlled automobile fuel injection systems. 
The microcomputer programs that are stored in ROMs are referred to as firmware, because 
they are not subject to change. Programs that are stored in RWMs are referred to as 


software, because they can be easily altered. 


At present, microcomputer firmwi 
personal and business microcomputers use 
and their language interpreters (e.g. BASIC), 


Bootstrap memory 


Many microcomputers and most large computers do not have their operating system 
programs stored in ROMs. Instead, these programs are stored in external mass memory, 
w what to do when they are 


usually the magnetic disk. How, then, do these computers kno 
powered on? A relatively small program, called the bootstrap program, is stored in a R 
(the term bootstrap comes from the idea of pulling oneself up by one's own boot straps). 
When the computer is powered on, it will execute the instructions that are in its bootstrap 
program. These instructions typically cause the CPU to initialize the system hardware. " 
bootstrap program then loads the operating system programs from mass storage (disk into 
its main internal memory). At that point, the computer begins executing the operating 
system program and is ready to respond to the user commands. This start-up process IS 
often called ‘booting up’ the system. 2 

va oh 


Data tables TT 
ROMs are often used to store tables of data that do not change. Some examples àf* 
trigonometric tables (i.e. sine, cosine, etc.) and code conversion tables. iei 

ions. The 


: Several standard ROM look-up tables are available with trigonometric functi 
National Semiconductor MM 4220BM stores the sine function for angles between V 9757. 

degrees. This ROM is organized as a 128 x 8, with seven address inputs and eight ied 
outputs. The address inputs represent the angle in increments of approxima MUT s 
For example, the address 0000000 is for 0°, the address 0000001 is for 9.7^, the 
0000010 is for 1.41°, and so on up to address 1111111 which is 89.3. When an 


is applied to the ROM, the data outputs will represent the approximate sine 


of the 2! 
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For example, with input address 1000000 (representin i 
will be 101 10101. Since, the sine is 45°, these data aie Eis 45°), the data output 
which when converted to decimal equals to 0.707 (the sine of 45°) fraction, 0.10110101, 


Data converters 


The data converter circuit takes data expressed in one t 
expressed in another type. Code conversion is le gh pe eae ap Cuiput 
outputting data in straight binary code and it is required to E ii oh oe 
display it on seven-segment LED readouts. ded paorder © 
One of the easiest methods of code conversion u: 
One d ses 
application of a particular address (the old code) Miren Y Rp ean s duas 
equivalent one in the new code. The 74185 is a TTL ROM that sone thesis] d ve 
p M ds 6-bit ters input. To illustrate, a binary address "I 
lecima will produce a data out ich i 
oA put of 00111000, which is the BCD code for decimal 


Character generators 


If you have ever looked closely at the alphanumeric characters (letters, numbers, etc.) 
s on A computer's video display screen, you might have noticed that each is generally 
m le ei of a group of dots. Depending on the character being displayed, some dot positions 

made bright while others are dark. Each character is made to fit into a pattern of dot 
positions, usually arranged as a 5 x 7 or 7 x 9 matrix. The pattern of dots for each characte: 
can be represented as a binary code (i.e, bright dot = 1, dark dot = 0). PR 
m Mc generator ROM stores the dot pattern codes for each character at an 
Hh hice to the ASCII code for that character. For example, the dot pattern 
A CHE a d be stored at address 1000001, where 1000001 is the ASCII code for 
Or prints out E ape iat P ee TA 


Function generator 


The : 1 
bd ben is a circuit that produces waveforms such as sine waves, saw tooth 
and DAC we a per and square waves. Figure 14.8 shows how a ROM look-up table 
8-bit values ae to generate a sine wave output signal. The ROM stores 256 different 
Point on the JUR one corresponding to a different waveform value, i.e. a different voltage 
Sequentia] Mer TAN The 8-bit counter is continuously pulsed by a clock signal to provide 
addresses, the RO inputs to the ROM. As the counter cycles through the 256 different 
"— Son ee points to the DAC. The DAC output will be a 
data points A Steps through the 256 different analog voltage values corresponding to the 
Smooth waven low-pass filter smoothes out the steps in the DAC output to produce a 
same Meer Circuits such as these are used in some commercial function generators. 
Values are tores Nee fe speech synthesizers where the digitized speech waveform 
Fi t 
Bure 14.9 shows the pin diagrams of ROM ICs 74184 and 74185, a 6-bit BCD-to- 


inary c 
nverter and a 6-bit binary-to-BCD converter, respectively. 
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the standby mode (when no read or write o rations tal 
ees batteries whenever the main power is ipt ir Uer) üntdhe sana powered 
RAMs is that they can be written into and read from rapidly with equal ea vantage of 
Like the ROM, the RAM can also be thought of as consisting of a e Seton Biren 
each storing a single data word and having a unique address. The RAMs typical] of registers, 
word capacities of 1K, 4K, BK, 16K, 64K, 128K, 256K and 1024K, and word sien qr i 
4, or 8-bits. The word capacity and word size can be expanded by sec Ai e o k 
memory chips. B severa 


static RAMs (SRAMs) 


The static RAM can store data as long as power is applied to the chip. Its memory cells 
are essentially flip-flops that will stay in a given state (store a bit) indefinitely, provided that 
power to the circuit is not interrupted. On the other hand, dynamic RAMs store data as 
charges on capacitors. With dynamic RAMs, the stored data will gradually disappear 
because of capacitor discharge, therefore, it is necessary to periodically refresh the data (i.e 
recharge the capacitors). 

Static RAMs (SRAMSs) are available both in bipolar and MOS. technologies, although the 
vast majority of applications use NMOS or CMOS RAMs. As stated carlier, the bipolars 


BIN/BCD 
d EN 


— (15) 
G 


BCD/BIN 


—(15 0) E i i 
6! ) JEN Y, Y, bordi have the advantage of speed (though NMOS is gradually closing the gap), while the MOS 
Y, Y, Nes devices have much greater capacities and lower power consumption, Figure 14.10 shows, 
A Y, 4 Y, bem qni 
Y 12 Mrog Em 
B a c (tar pg Y. Bitline + Voo Bit line 
C Y. od meo 
D Ys " 
D Ye T Q, Q| h— 
E Yz » vajde 
E Y; Ys. ont SHE 
Y, p 71400 
nmg e 
(a) The logic diagram of the 74184 6-bit (b) The logic diagram of the 74185 6-bit 
BCD-to-binary converter binary-to-BCD converter "TT 
Fig. 14.9 Pin diagrams of 74184 and 74185. mE (a) A bipolar (TTL) RAM cell constructed from (b) NMOS RAM cell 


multi-emitter transistors cross connected to 


form a latch 
Bit line +V: Bit line 
a ho, 


=, 


ui" 
The use of ROMs as binary-to-BCD converters and BCD-to-binary converters, and also 
how to use them to obtain the 9's complement and 10's complement of BCD DUE v 
illustrated in Figs. 7.28, 7.29, 7.30, and 7.31 in Chapter 7 (Combinational Circuits). 


per i 
14.4 SEMICONDUCTOR RAMs pi 


When the term RAM is used with semiconductor memories, it is usually taken to mean 
write memory (RWM) as opposed to ROM. The RAMs are used in computers 

temporary storage of programs and data. The contents of many RAM address loci 
read from and written to as the computer executes a program. This requires fas 
write cycle times for the RAM so as not to slow down the computer operatio : 
disadvantage of RAMs is that they are volatile and lose all stored information # 
interrupted or turned off. Some CMOS RAMs. however. use such small amounts 


Fig. 14.10 The bipolar, NMOS, and CMOS RAM cells. 
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for comparison, à typical bipolar static memory cell, a typical NMOS static memory cell 
and a typical CMOS static memory cell. The bipolar cell contains two multi-emitter 1 
transistors and two resistors. The NMOS cell contains four N-channel MOSFETs. The PTA 
CMOS cell requires two CMOS FETs. inputs 
The RAM ICs are most often used as the internal memory of a computer. The CPU 
continually performs read and write operations on this memory at a very fast rate 
constrained only by the limitations of the CPU. The memory chips that are interfaced to the 
CPU have to be, therefore, fast enough to respond to the CPU read and write commands, 
Figure 14.11 shows the timing diagrams of a typical RAM chip for a complete read cyc] 
and a complete write cycle. T 


Read cycle 


The waveforms in Fig. 14.11a show how the address, R/W and CS inputs behave during 
a memory read cycle. The CPU supplies these input signals to the RAM when it wants to 
read data from a specific location. Although a RAM may have many address inputs coming 
from the CPU's address bus, for clarity, the figure shows only two: 


The read cycle begins at time 4j. Prior to that, the address inputs will: be whatever 
address is on the address bus from the preceding operation. Since the RAM's chip select 


is not active, it will not respond to this o/d address. Note that, the R/W line is HIGH prior 


dann 
to £y, and stays HIGH throughout the read cycle. In most memory systems, the R/W is 
normally kept in the HIGH state except when it is driven LOW during a write cycle. The 1 
x an : s E Ai 
RAM's data output is in its Hi-Z state, since CS — 1. es 
At fq, the CPU applies a new address to the RAM inputs; this is the address of the 
location to be read. After allowing time for address signals to stabilize, the CS line is 
activated. The RAM responds by placing the data from the address location onto the data 
output line at t. The time between 1; and ¢, is the RAM’s access time, facc» and is the time 
between the application of the new address and the appearance of the valid ouia 
The timing parameter, (co, is the time it takes for the RAM output to go from Hi-Z to 


a valid data level once CS is activated. At time t» the CS is returned HIGH, and the RAM 
output returns to its Hi-Z state after a time interval top. Thus, the RAM data will be on the 
data bus between t, and t. The CPU can take it from the data bus at any point anari » 

=e | these 
interval. In most computers, the CPU will use the PGT of the CS signal at f, to por 


data into one of its internal registers. The ‘complete read cycle time’, fro extends or 
to ts, when the CPU changes the address inputs to a different address for the next ‘ 


write cycle. 
Write cycle ne 
: -— tok 
F e show : A » 
igure 14.11b shows the signal activity for a write cycle that begins when the CPU supplies (oat 


Fi f 
9. 14.11 Typical timings for SRAM: (a) read cycle and (b) write cycle. — 


Düren gia 
0 be NES Write time interval, at time f, the CPU applies valid data to the data bus 
Ao the RAM. These data have to be held at the RAM input for at least a time 
Ps Prior to, and for at least a time interval fp, after, the deacti vation’ of the m 


ms Mec to the RAM at time fy. The CPU drives the R/W and CS lines LO? 
aiting for a time interval fs, called the ‘address set-up time’. This gives the ^ 


address decoders time to respond to the address. The R/W and CS are held LO) 


aise pal 
time interval ty, called the ‘write time interval" terval , 


—— 
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and CS at time f. The fps interval is called the ‘set-up time’, and the /pj, interval is called 
the ‘data hold time’. Similarly, the address inputs have to remain stable for the ‘address 
hold-time interval" tap, after 4. If any of these set-up or hold time requirements are not met 
the write operation will not take place reliably. , 
The ‘complete write cycle time", fwes extends from £j to /,, when the CPU changes the 
address lines to a new address for the next read or write cycle. A 
The ‘read cycle time’, /gc, and the ‘write cycle time’, ^yc, essentially determine how 
fast a memory chip can operate. For example, in an actual application, a CPU will often be 
reading successive data words from memory one after the other. If a memory chip has a 
tgc of 50 ns, the CPU can read one word per every 50 ns, or 20 million words per second 


(20 MHz). 
ECL RAMS " 
c ECL technology have the highest speed among those we 
for bipolar TTL RAMs is of the order of 25-50 
ns; for MOSFET RAMs, it is of the order of 200-400 ns (although some new CMOS 
designs have speeds approaching those of the bipolar RAMs). The access time for ECL 
RAMs is of the order of 5-10 ns. The ECL RAMs consume considerable power and are 
not available in large sizes; they are therefore used where speed is the most important 
consideration. Examples. include cache memory, where data from a slower memory can be 
stored for quick access by a CPU, and scratch pad memory used for storage o 
intermediate results of computations. In these applications, data must be stored and retrieved 
very rapidly in order not to delay the high-speed computations performed by an ALU. 
The ECL RAMs typically have open-emitter outputs to facilitate expansion and wire- 
ORing. They also have separate pins for input and output data, a feature that can be used 
to reduce delays between the read and write operations; new data to be written car be 
applied while the old data is still being read. As an illustration of the varieties san le 
National Semiconductor line of ECL RAMs ranges from 256 x | to IK x 4 and 4K xl. 
Note that, these sizes, while small compared to MOSFET RAMs, are considerably prener 
ite 


than those of the TTL RAMs. 


The RAMs constructed using th 
have considered so far. The access time 


Dynamic RAMs (DRAMS) ‘= 

Dynamic RAMs are fabricated using only MOS technology and they are noted for inci i 

capacity, low power requirement and moderate speed. The need for refreshing Fi 
design. VI P 
ent the men 


j for 


neutralize this disadvantage. For relatively small memories (< 64K words), t 
RAM (iRAM) provides a solution, An iRAM is an IC that includes the refres 

the same chip as the memory cell array. The result is a chip that externally | TU 
like a static RAM chip—you apply the address and collect the data—but intei he 
high density DRAM structure, The designer is not concerned with the memo) 
operation; it is done internally and automatically. "s 
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For larger memory systems (> 64K), a more cost- 7 
called dynamic memory controllers which contain all Vie approach uses LSI chips 
the DRAM chips that make up the system. This greatl pire logic for refreshing 
circuitry in a dynamic RAM system. y reduces the amount of extra 
For applications, where speed and reduced co i 
power considerations, static RAMs are still the bar pod te ere nea ihan space and 
and require no refresh operation. They are simpler 06 dei Ls dime faster than DRAMs 
higher capacity and lower power requirements of DRAMs, £n, but cannot compete with 
Because of their simple cell structure, the DRAMs typically h; i 
of SRAMs. This allows four times as much memory capaci Y have four times the density 
or alternatively, requires one-fourth as much board space hy ud. placed on a si 
The cost per bit of DRAM Storage is typically one-fifth to riori amount of memory. 
further cost saving is realized because the lower power require that of SRAMs. A 
one-sixth to one-half that of a SRAM, allows the use of small MEE apan 
supplies. er and less expensive power 
The main applications of SRAMs are in are: 
as whe i 
needed (up to 64K) or where high speed is eal neci small sizes of memory are 
instruments and appliances have very small memory s ae Pen controlled 
instruments such as digital storage oscilloscopes and logic decus: VH Some 
pe for such applications, SRAMs are normally used roin a 
e main internal memory of most personal c fi 
: : omputers is DRAM, its hi 
watery See NU power consumption. These computers, however, Gaede a 
s as well, for functi iri iini ; em 
and look-up tables. ép] SM TUN IG Gase 
Earl : 
Spei Me. had four NMOS transistors per cell and relied on inherent gate 
beast ee the transistors for storage of charge. The 4-transistor cell was complex, 
cape lh E were needed to buffer and sense the tiny charges stored on the cae 
Niger = pue was a 3-transistor cell and the most current design is a 
simplicity. The hee in Fig. 14.12. The single-transistor cell is the ultimate in 
read, the address ling ^ E A arbe gate controlled by the address line. To 
Voltage appears on the bit line. To i ENS TA phi a Sea ee 
Voltage on the bit lines ch ; MEN F d 
ead out is dum arges or discharges the capacitor through the transmission gate. 
Ve, so every read operation must be followed by a write operation. 


Bit line 


Fig. 14.12. The single-transistor dynamic memory cell. 


— Tl umRETE 
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Address Multiplexing 


In order to reduce the number of pins on high capacity DRAM chips, manufacturers utilize 
address multiplexing whereby each address input pin can accommodate two different 


address bits. 
DRAM Refreshing 


DRAM cells have to be refreshed periodically as otherwise the stored data will be lost, In 
dynamic memories, refreshing can be accomplished by reading, since data must be 
automatically written back into the cells that are read. The maximum time between refresh 
cycles is typically 2, 4, or 8 ms in modern RAMs. Although it would be possible to read 
every cell in succession and thus refresh the entire memory during each refresh cycle, most 
dynamic memories are refreshed one entire row at a time in order to reduce the number 
of read operations that must take place to refresh the complete memory. In burst mode 
refreshing, each row of cells is refreshed in succession, with all normal memory operations 
suspended until all rows have been refreshed. Alternatively, row refreshing can be. 
interspersed with other memory operations. In either case, refresh control circuitry is 
necessary to synchronize refresh cycles and to ensure that every row is refreshed within 
the specified time. Most manufacturers of dynamic memory ICs have developed special ICs 
to handle the refresh operation as well as the address multiplexing needed by the DRAM 
systems. These ICs are called dynamic RAM controllers. Some DRAMS have built-in refresh 
control circuitry and are said to be pseudo-dynamic (or semi-dynamic), because a user is 
not required to provide external hardware to accomplish the refresh task. ot di 


14.5 MEMORY EXPANSION E 


yey) 


In most IC memory applications, the required memory capacity or word size cannot be 
satisfied by one memory chip. Instead, several memory chips are combined to provide the 
desired capacity and the word size. The process of increasing the word size or capacity by 
combining a number of IC chips is called memory expansion. In a bit-organized m mory, 
each IC stores l-bit of each word. For example, in a bit-organized 128K x 8 memoni 
LSB of each word is stored in one 128K x 1 circuit, the next LSB in another 128K : 
circuit, and so forth. A memory in which every bit of a word is stored in each circu 
said to be word organized. For example, a word-organized 128K x 8 memory might 

of sixteen 8K x 8 circuits. In each of the above examples, memory expansion is 
In the bit-organized memory, we must interconnect eight 128K x 1 circuits and in th 
organized memory, we must interconnect sixteen 8K x 8 circuits. Some organ 
require an expansion in word size as well as expansion in word capacity. Forex 
we wish to construct a 128K x 8 memory using 16K x 4 circuits, we would need tW? 
the latter for each 16K of 8-bit words or a total of 2 x (128K/16K) = 16 circuit 

: ve 14.13 shows how two 16 x 4 memory RAM chips with common yo 
E erae c meno. Sinos each chip an ios gg 
niter or E each chip is used to store half of each WO! es 
$ igher order bits of each of the 16 words, and ^ 


AB;9 


AB;o 


i 


1/0, 


mne £78N 


Hi 


Fig. 14.13 Combining two 16 x 4 RAMs for a 16 x 8 module. 


the four low $ 
outs connected EAE e af the 16 words. A full 8-bit word is available at the RAM 
i : 

four ling MAL Me 16 words is selected by applying the appropriate address code to the 
PU. Note that, pe AB;, AB, and AB,). The address lines typically originate at the 

each chip, This wa address bus line is connected to the corresponding address input of 

address code ic à ae that once an address code is placed on the address bus, the same 

at the same id o ied to both chips such that the same location on each chip is accessed 


Once the 
of t address is selected, we can read or write at this address under the control 


he co, dr vno he 
is causes the w and CS line. To read, R/W must be HIGH and CS must be LOW. 
* Upper four d M VO lines to act as outputs, RAM 0 places its selected 4-bit word on 
data bus lines, Tid bus lines and RAM 1 places its selected 4-bit word on the lower four 
transmitted to. he data bus then contains the full selected 8-bit word which can now be 


to some other device (usually a register in the CPU). 
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To write, R/W = 0 and CS = 0, causes the RAM I/O lines to act as inputs. The 
S-bit word to be written is placed on the data bus (usually by the CPU). The higher four 
bits will be written into the selected location of RAM 0 and the lower four bits will be 
written into RAM-1. 1 
In essence, the combination of two RAM chips acts like a single 16 x 8 memory chip. 
We would refer to this combination as a 16 x 8 memory module. 
g the word size applies to all of the memory 


The method illustrated here for increasin } 
s we have discussed, including ROMs, PROMs, and static RAMs. If the memory 


device: 
re also paralleled. 


circuits are dynamic, then the RAS and CAS inputs al 


2125A is a static RAM IC that has a circuitry of IK x 1, one active- 


EXAMPLE 14.2 The : 
put. Show how to combine several 2125A 


LOW chip select, and separate data input and out 
ICs to form a IK x 8 module. 


Solution 
The arrangement is shown in Fig. 14.14, where eight 2125A chips are used for a IK x 8 
module. Each chip stores one of the bits of each of the 1024 8-bit words. Note that, all 


of the R/W and CS inputs are wired together and the 10-line address bus is connected to 
the address inputs of each chip. Also, note that since the 2125A has separate data in and 
data out pins, both of these pins of each chip are tied to the same data bus line. 

two 16 x 4-bit chips can be combined to store 32 4-bit words. 
16 4-bit words. The data I/O pins of each RAM are connected 
be selected (enabled) at one time 
d by driving the respective 


Figure 14.15 shows how 


Each RAM is used to store 
to a common 4-line data bus. Only one RAM chip can 


such that there are no bus contention problems. This is ensure 


CS inputs from different logic signals. 
dule is 32 x 4, there are 32 different 


Since the total capacity of this memory mo 
dress line AB, is used to select 
n into. The 


addresses. This requires five address bus lines. The upper ad 


one RAM or the other (via the CS inputs) which is to be read from or writtei 
other four address lines AB; to AB, are used to select one memory location out of 16 from. 


the selected RAM chip. 
To illustrate, when AB, = 0, the CS of RAM-0 enables this chip for read or write. Then, 


any address location in RAM-0 can be accessed by AB; through AB,. The latter f 
address lines can range from 0000 to 1111 to select the desired location. Thus, thie miie 


of addresses representing locations in RAM-0 is AB, AB, AB, AB, ABy = 00000 to! LM 
J a te - i ? isa : 
Note that, when AB, = 0, the CS of RAM 1 is HIGH, therefore, its T/O lines are disable 
(high impedance) and cannot communicate (give or take data) with the data sel sae 
iar io 
Š 


nae 


When AB, c the roles of RAM-0 and RAM-1 are reversed. The RAM-I 
oe x the lines AB, to AB, select one of its locations. : 
us, the ra f i i 10 
ae nge of addresses selected in RAM-1 is AB, AB, AB; AB, ABo E 
n em 


EXAMPLE 143 Iris desired to combine several IK x 8 PROMS to produce a total capit 
x 8. How many PROM chips are required? Show the arrangement. 


Eight 2 i 
ight 2125A 1K x 1 chips arranged as a 1K x 8 memory (Example 14.2) 


602 Fundamentals of Digital Circuits 


o Address 
bus 


—o bus 


Fig. 14.15 Combining two 16 x 4 chips for a 32 x 4 memory. 


Solution à 
Four PROM chips are required, each chip storing 1K of the 4K words. Since 4K =4 —— 
= 4096 = 2°, 12 address lines are required. The arrangement is shown infig. 14.16. 


decoder circuit is required for generating the CS input signals. The two highest order lines 
Aj; and Ajo are used to select one of the PROM chips, the other 10 address bus Ee 
to each PROM to select the desired location within the selected PROM. The aoe 
selection is accomplished by feeding A,, and Aj, into the decoder. The four d 
combinations are decoded to generate active-LOW signals which are applied to CS an 
For example, when Ai; = Ayo = 0, the 0 output of the decoder goes LOW (all pe 
HIGH) and enables PROM-0. This causes the PROM-0 outputs to generate the T 
internally stored at the address determined by A, through Ay. All other PROMs are disable : 
While A;, = A, = 0, the values of Ay through A, can range from all Os to all I 
PROM-0 will respond to the following range of 12-bit addresses. T 


Aqu-Ag = 0000 0000 0000 to 0011 IIIT 1111. 
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-16 Construction of 4Kx8 memory from 1K x 8 circuits (Example 14.3). 


Fig. 14. 


PiiGIIMDPNI 
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Similarly, when A}, = 1 and Ajo = 0, the decoder selects PROM-2 which then responds 
by putting the data word it has internally stored at the address Ag through Ao. Thus, PROM) 
responds to the following range of addresses. 


A-A = 1000 0000 0000 to 1011 1111 1111. 


Combining DRAMs 


DRAM ICs usually come with word sizes of | or 4 bits. In order to use these ICs in 
computer systems requiring word sizes of 8 or 16 bits, it is necessary to combine severa] 
of them in a manner similar to that for static RAMs and ROMs. 


14.6 NON-VOLATILE RAMS 


Though semiconductor RAM devices have the definite advantage of high-speed operation, 
they are volatile. The ROM, of course, is non-volatile, but it cannot be used as R/W 
memory. In some applications, the volatility of RAM can mean the loss of important or 
crucial data in the event of a power failure. There are two solutions to this problem. The 
first is to use memory that can be powered from back-up batteries whenever power failure. 
occurs. This requires memory that will not rapidly drain the back-up batteries. The CMOS 
has the lowest power consumption of all semiconductor RAMs, and in many cases, can be 
powered from back-up batteries. Of course, when powered by batteries, the CMOS RAM 
chips need to be kept in their low power standby mode for the lowest power drain. Some 
CMOS SRAMs include a small lithium back-up battery right on the chip. Another solution 
is to use a device called a non-volatile RAM (NVRAM). A NVRAM contains a static RAM 
array and an EEPROM array on the same chip. It combines the high speed R/W operation 
of the static RAM with the non-volatile storage capability of the EPROM. Each cell in the 
static RAM has a corresponding cell in the EEPROM, and data can be transferred between 
the corresponding cells in both directions. During normal operation, data are written into and 
read from the static RAM cells as with any conventional SRAM IC. When power failure 
occurs or the power is turned off, the following sequence of events takes place. 


1. An external voltage sensing circuit detects a drop in the ac source voltage, and 
sends a signal to the NVRAM's STORE input. Alternatively, the CPU may send the 
STORE signal after it receives a power failure interrupt signal. 


- This causes the NVRAM to transfer the contents of all the static RAM cells to their 
corresponding EEPROM cells in parallel, such that the complete transfer takes plac 
in only a few ms. Because of its large output capacitors, the 5 V de supply ill 
keep the NVRAM powered up long enough for the transfer to be completed. The 

EEPROM now holds a copy of the RAM data at the instant of the power uM 


3. When power is restored, the NVRAM will automatically transfer the data | ich it 
EEPROM cells back into the RAM. The RAM now holds the same data whic 

had when the power interruption occurred. RAM 

: * NVRAM has the advantage of not needing a battery back-up. However, an Ny OM 

ore complex than a normal memory chip because it contains both RAM and ER 


N 
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s the circuitry needed to transfe 
jis as well as ‘ T transfer data bety, , 
Run AMs are not available in very high capacities. i rise For this reason, the 


memory is required, it is best to use CMOS RAM with battery FE agi non-volatile 
“up. 


44.7 SEQUENTIAL MEMORIES 


: ussed so far 
The high speed operation of random access devices makes cite 


writ M memories, 
€ for use as the 
rome memories utilize shift 
‘manner. Although they are not 
atively slow speed, shift register 


n z itive d 2 E 
example is the storage and sequential transmission of ie x M "arca 
r the 


characters on a video display. This data have to be supplied to the video di pla: 
isplay circuits 
€ Screen. By using shift registers. 


Recirculating Shift Registers 


Figure 14.17a shows the block diagram of a recirculating shi i 

number of FFs in a shift register, though four are Pew fem (Pi ae 
shift register from the serial input Ds, which shifts into Q;, Q; shifts into Q Q; W B 
and Q, into Qo. The Qo output is recirculated back to the seria} input ea z 
controller. This logic provides two modes of operation that are controlled by the re; lation 
input REC, The level at REC determines the source of the data that will i ial En 


Shift register 
T Q OQ; Q 


REC = 1: Recirculate mode, REC = 0: Data input mode 
© i dre~ 
Fig. 14.17. Block diagram of a recirculating shift register. 
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Recirculate mode (REC = 1) 


nabled and Qg output (Data out) is applied to Dg. As 


In this mode, the upper AND gate is er 2 t d 
he shift register will recirculate as shown below, 


clock pulses are applied, the data in t 


Q,—»-Q9;—*0,;—* Q,—Data out 


the data also appears at ‘Data out’, one bit at a time, 


While recirculating in the register, t 
d has no effect on the register data. 


In this mode, ‘Data in’ is inhibited an: 


Data input mode (REC = 0) 
In this mode, the lower AND gate is enabled and the ‘Data in’ signal is applied to D; As 
clock pulses are applied, the data will shift as shown below. 


Data In Q:—> Q,_ + Q,—_ + Q—> Data out 


There is no recirculation of data, since the upper AND gate is inhibited by REC = 0. 
This mode is used to enter new data at ‘Data in’ for storage in the register. j 

Figure 14.17b is a simplified symbol that we will use for the circulating shift register. 
The control logic is understood to be built into the symbol. 


First In First Out (FIFO) Memories D 


The FIFO is also a sequential access memory formed by an arrangement of shift registers. 
There is an important difference between a conventional register and a FIFO memory 
register. In a conventional register, a data bit moves through the register only as new data 
bits are entered; but in a FIFO register, a data bit immediately goes through the register to 
the rightmost bit location that is empty. However, when a data bit is shifted out by a shift 
pulse, the data bits remaining in the register automatically move to the next position towards 
the output. This is illustrated in Tables 14.1 and 14.2. 


Table 14.1 Conventional shift register Table 14.2 FIFO shift register 
___ ae mem 
Output Input: se Output 


Input X X X X = 
8. 19: Aig XX ee 0 -— - N i 
1 10X X — i- = d DAL MM 
MSS VNACUM 1 1 3 7 0 LM 
0 0.1.1 0 ——» 0 0 41 0. — > 


1 
a SEES eee 


in ee memory is similar to the recirculating shift register memory in that, ihe a 
res = the data words are entered at ‘Data in’ is the same as the order in guene y 
e read out at "Data out’. In other words, the first word that is written intis the first 


tha ad out: hence e 
at is read out; hence the name FIFO. There are two important differences, however: 
lg | 


} etwe > . 

between a FIFO and the recirculating shift register memory. First, in a FIFO, th j, in à 

data are not recirculated: 3 ; [ c af 
; once the output data are shifted out they are lost. Second, ! 
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FIFO, 
operati 
is usually MUC 


applications 
e important application area of the FIFO is the f P 

p rates must communicate. Data can be entered ae ees two systems of different 
at another rate. An example of this is the data transfer from at one rate and be put out 
computer can send data to the printer at a much more rapid r " Were to a printer. The 
it and print it out. A FIFO can act as a data-rate buffer paws an the printer can accept 
printer by accepting data form the computer at a faster rütévabit a the computer and the 
shifted out to the printer at a slow rate. The FIFO can also dei it; the data are then 
for the transmission of data from a relatively slow device like I as a data-rate buffer 
device like a computer. In this case, the FIFO accepts data em eyboard to a much faster 
rate and stores them. The data are then shifted out to the com He the keyboard at a slow 
way, the computer can be performing other tasks while the FIFO. z I 4 faster rate. In this 
data, Other applications are: (a) data input at an unstead slowly being filled with 
retransmitted at a constant rate by using a FIFO; (b) y rate can be stored and 


da 
stored and then outputted in even bursts; (c) data dr. ah Baia rate ime 
stored 


retransmitted into a steady-rate output. Fi 
rate buffers. = igure 14.18 shows the use of the FIFO as data- 


Input bit stream Output bit stream 


(a) Telemetry data received at an unsteady rate can be stored and retransmitted at a RET rate. 


EEE qiie 


(b) Data i 
ata input at a slow keyboard rate can be stored and then transferred at a higher rate for processing. 


(c) Data input at a steady rate can fees and then output in even bursts. — 


JL ML M pepe 


(d) Data received in bursts can be stored and transformed into a. sud 
Fig. 14.18 The FIFO used in data-rate buffering applications. — 
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14.8 PROGRAMMABLE LOGIC DEVICES 


Logic designers have a wide range of standard ICs available to them with numerous logic 
functions and logic circuit arrangements on a chip. In addition, these ICs are available from 
many manufacturers and at a reasonably low cost. For these reasons, designers have been 
interconnecting standard ICs to form an almost endless variety of different circuits ang 
systems. 

However, there are some problems with circuit and system designs that use only 
standard ICs. Some system designs might require hundreds or thousands of these ICs. Such 
large numbers of ICs require not only a large circuit board space but also a great deal of 
time and cost in inserting, soldering, and testing the ICs. The programmable logic devices 
(PLDs) present the designers with a way to replace a number of standard ICs with a single 
IC, thereby reducing chip count and cost. They are used to implement specific logic 
functions. The principal advantage of PLDs is that in many applications, they can replace 
a number of other circuits. A PLD is an IC that contains a large number of gates, FFs, and 
registers that are interconnected on the chip. Many of the connections, however, are fusible 
links that can be broken. The IC is said to be programmable because the specific function 
of the IC for a given application is determined by the selective breaking of some of the 
interconnections while leaving others intact. The ‘fuse blowing’ process can be done either 
by the manufacturer in accordance with the customer’s instructions, or by the customer 
himself. This process is called ‘programming’ because it produces the desired circuit 
pattern interconnecting the gates, FFs, registers, and so on. 

The various PLDs used are PALs (programmable array logic), FPLAs (field. pro- 
grammable logic arrays) and PROMs (programmable read only memories). 


Programmable Array Logic (PAL) 


Programmable array logic (PAL) (a registered trade mark of Monolithic Memories) is à 
particular family of PLA devices that is widely used and available from a number of 
manufacturers. The PAL circuits consist of a set of AND gates whose inputs can be 
programmed and whose outputs are connected to an OR gate, i.e. the inputs to the OR gate 
are hard wired. Some manufacturers also allow output inversion to be programmed. Thus, 
like AND-OR and AND-OR-INVERT logic, they implement a sum of products logic 
function. Figure 14.19 shows a small example of the basic structure. The fuse symbols 
represent fusible links that can be burned open using equipment similar to a PROM 

programmer. Note that every input variable and its complement can be left either connect 

or disconnected from every AND gate. We then say that the AND gates are programm 
Figure 14.20 shows how the circuit is programmed to implement F — ABC + ABC. Note 
this important point. All input variables and their complements are left connected 0 the 
bus oa gate, whose output is, therefore, AABBCC = 0. The 0 has no effect on the 
gate in that case would ee would. ficat IGH, doei Dy eue the ue i groups. 
of AND gates, each group permanently 1. The actual PAL circuits have several B 
providing inputs to separate OR gates. xu M^ 


Se Y 


J.-M 
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Programmable 


Output 


Fig. 14.19 Basic structure of a PAL circuit. 


bu Xm 


ABC. 
ABC. 


Fig 14. T 
0 The circuit of Fig. 14.19 programmed to implement F = ABC * 


Li 
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Figure 14.21a shows a conventional means for abbreviating PLA connection diagram 
Note that the AND gate is drawn with a single input line, whereas in reality, it has hee 
inputs. An X sign denotes a connection through an intact fusible link and a dot si 
represents à permanent connection. The absence of any symbol represents an open or a 
connection by virtue of a burned-open link. In the example shown, input A is mer. 
to the gate through a fusible link, input C is permanently connected, and input B jg 
disconnected. Therefore, the output of the gate is AC. 

Figure 14.21b shows an example of how the PAL structure is represented using the 
abbreviated connections. In this example, the circuit is unprogrammed because all the fusible 
links are intact. Note that, the 3-input OR gates are also drawn with a single input line. 


ABC ABC 


D = te 


a UN 
| on Oe 
(b) . 


Fig. TS 
ig. 14.21 Simplified method for showing connections in PLA circuits. the OF 


"n 


Asc 


EXAMPLE 14, Ie n 
show h = 4 Using the connection abbreviations, redraw the circuit in F 
ow it can be programmed to implement F, = ABC + AC + ABC and E; = 
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shown in Fig. 1422. Note that one 


sedi A: ; 
page example of an actual PAL IC is the PAL Bae A called the fuse map 
rom Texas Instru: : 

ments, It is 


ed using low power Schottky technol 

Lun manco RET output OR" gate is Padi Eds is len logic inputs ang eight 
therefore, it can generate functions that include up to seven did AND gate Outputs and. 
particular PAL is that six of the eight outputs are fed back aps sided eate this 
be connected as inputs to any AND gate. This makes the devi D array, where they can 
all sorts of combinational logic. ice very useful in generating 


manufactur 


ig BIL FIPA 
mies Ds ame d tasastque 
F, -ABC«BC 
nobule? 
o yuo mue sett nud eae 
A * gd 1 ene LE 
maea geod MAg oT 

ABC+ABC+AC andFp ——— 
at ui ayo m apoiada navig 
[1 iaie odi lo sigino aA 


Fielg p ai J 
l"ogrammable Logic Array (FPLA) or x bl s od cx balisgi 
The p v vofag fO Fakes seal SEARS 


Fi sam ow, 
bibas. PLA programmed to implement F; = 
= A B C + BC (Example 14.4). | 


"ins 


FPLA. re aes 
"rhite,, “Presents another type of programmable logie but 


tovidin uM * FPLA combines the characteristics. 
Makes i, "P^ à Programmable OR array and a program 
t has two, MOst Versatile of the three PLDs. However, i 


PROM Wo) sets 


Of fuses, iti : im ant t an a 
or p 3 » it is more difficult to manufacture, | peres REA 
pes P "with every fusible link intact. 


` “igure 14.23 demonstrates the FPLA structure, 


— 
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Programmable 
AND gates 


Programmable 
OR gates —> 


Out, Out, Out, Out, 


Fig. 14.23 Structure of an (unprogrammed) FPLA circuit. 


EXAMPLE 14.5 Show how the FPLA circuit in Fig. 14.23 would be programmed to 
implement the sum and carry-in outputs of a full adder. 


Solution 


Recall that the sum output of a full adder is S = A BC, + ABC, + AB Tin + ABC 
and the carry-out is Cou = AB + ACn + BC,, 
To implement these expressions, we need a 4-input OR gate and a 3-input OR gate: 


Since the inputs to the OR gates of the FPLA can be programmed, we can implement Br 
given expressions as shown in Fig. 14.24. 


An example of the actual FPLA is the Texas Instruments TIFPLA 840, which H 
specified to be a 14 x 32 x 6 FPLA. It has 14 input variables, 32 AND. gates to gen 
products of these variables and 6 OR gates that can output any combination of the 32 AND 
gates. This IC also includes a programmable output polarity feature that permits the 
the option of inverting any of the outputs. This is illustrated in Fig. 14.25 where an X-OR 
gate and a polarity fuse have been added to the OR gate output. The X-OR gate will D^ 
the OR gate output to Q, with no inversion if the fuse is intact (logic 0). If the fuse is blo 


(logic 1), the X-OR gate will invert the O i ami po 
s Bef R gat ; ble : f 
is available on many PAL and FPLA dehi ot a [AT = 
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Fig. 14.24 FPLA circuit programmed to implement the sum and carry terms of a full adder 
(Example 14.5). : : 


Polarity fuse intact ———— 
Q, =P, +P: +P, - 


Polarity ne aa cece ae 
oe p 
- MENSES 


e: Apr DU LE E 


= 050 A 
Fig. 14.25 PLD with a programmable polarity feature 
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EXAMPLE 14.6 Show how the FPLA circuit in Fig. 14.23 can be programmed to 


implement the 3-bit binary-to-gray conversion. 


Solution 


(A, B, C)-to-gray (Gs, G2, G1) is shown in Fig. 14.263. 


The conversion table of 3-bit binary 
The conversion equations, 


G,=A 

G, = AB + AB 

G= BC + BC 
are implemented as shown in Fig. 14.26b. 


Binary Gra 
B 3 G2 G1 


[2] 


aaws2000 O|> 
2020o-2O0oo|o 


0 
0 
1 
1 
0 
0 
1 


E WW Oo. Oo 
oo2222o00 
o22o0o02-20 


(a) Conversion table 
G,- ABC + ABC + ABC + ABC =A 
G, = ABC + ABC + AB C + ABC = AB + AB G; 
G, = A BC + ABC + ABC + ABC = BC + BC (b) Implementation = 


Fig. 14.26 Use of FPLA as a 3-bit binary-to-gray code converter (Example 


-— m wu 
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ROM) 
programmable ROM (P 
able ROM can be viewed as a type of pro | 
A poe The address inputs to the PROM serve ae hai aay and thus used 
for nc as the node where the output of a logic function is T y ae: and the 
ap | is stored at address 1001 is the same as Stating that the logic [dee te 
„ted equals 1 when the input combination is ABCD. 

hE oon the input is 1001. When we regard a PROM, fe : eee output 
P AND gates are not programmed. In effect, àn AND gate is already M cy: y s 
ossible combination of the inputs corresponding to every possible address of the PROM. 
a refore, to program a PROM as a PLA, we must have a truth table that specifies the 
value of the function being implemented for every possible combination of the inputs, For 
each combination where F = 1, we leave the output of the corresponding AND gate 
connected to the output OR gate. For each combination where F = 0, we burn open the 
connection to the OR. gate. We see that a PROM is a PLA with fixed AND gates and a 
programmable OR gate. An M x N PROM can be regarded as a PLA having N 
programmable OR gates, capable of implementing N different logic functions of M 
variables. A PROM is ideally suited for implementing a logic function directly from a truth 
table. 

An example of an actual PROM that is often used as a PLD is AM27S13, which is a 
512 x 4 PROM manufactured using high speed Schottky TTL technology. Since 512 = 2°, 
this PROM has nine address inputs and four data outputs. Thus, the AM27S13 can be 
programmed to generate four outputs each of which can be any logic function of the nine 
different inputs. 


EXAMPLE 14.7 Show how an 8 x | PROM can be programmed to implement the logic 
function whose truth table is shown in Fig. 14.27. 


Solution 


Ad 14.27 shows the programmed PROM in the simplified connection format of Aree 
a A or a 0 is stored at every address ponent P PRA to a combination o 
"put variables for which the function equals a | or a 0. 2 ane. 
: The PROM can generate any possible toe function of the input variables because it 
m In every possible AND product term. In general, any application that requir PR PROMS 
«o, combination to be available is a good candidate for PROM: PR i 
he ap 'mpractical when a large number of input variables have to be a commodated, nodal 
“we the number of fuses doubles for each added input variable. api gevt 


ui TE jjouboini Md 212€ aq rol 
aie ee i 

Man ac i "eati MT. REL ae 

in i PLDs include one or more of the following as part ft eir : 

Put regis ; : 


devi ting 
the Jogi, „_PrO8rammable, as are the connections evices 

; RIC desi > mine ee 

Circuits, or à great deal of flexibility in designing counters and. * 


ible 


'S type of PLD is sometimes called a programma ti 


nad 


ters, and output registers. Very often, the ope pone. 
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utpu 
Inputs. 
A, A, A D 
00 1 0 
010 1 e AN 
011 1 A A; F 
100 0 Doa 
10 1 1 
110 0 J 
ERU 1 8x1PROM ex 
A Sees ea 

(a) " 


(b) 
Fig. 14.27 Programming a PROM to implement a truth table (Exa 


Programming 


When PLDs were first introduced, the logic designer would develop a fuse 
which fuses to blow. The manufacturer would then program the device 2 
fuse map, test it, and return it the designer. In recent years, the availabili 
inexpensive programming equipment has made it convenient for users t0 P! 
PLDs. There are universal programmers in the market that can program. 35 
PROMs, PALs, and FPLAs. The device to be programmed is plugged into” 
programmer and the programmer programs and tests the device according 
been supplied by the user. 


Ma oA | 
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The programming and test data are typically developed by using the commonly available 
software that will run on standard PCs. Using this software, the user enters the data into 
the computer describing the logic functions to be programmed into the PLD, as well as 
information on how the device is to be tested. The software then generates a fuse map and 
the test data in à form that can be sent over a cable to the PLD programmer's memory. 
Once the programmer has the data, it can proceed to program and test the device. When 
finished, the programmer will indicate whether the device has passed or failed the test 


cedure. If it passes, it can be removed from the programmer's socket and placed in the 


proi ^ 
; otype circuit for further testing. 


prot 


Erasable PLDs 


The PLDs we have been talking about are programmed by blowing fuses. Once a fuse is 
blown, it cannot be reconnected. Thus, if you make a mistake in programming or if you 
want to change the design, the device will no longer be useful. This drawback has been 
addressed by several manufacturers who have developed PLDs that can be erased and 
programmed over and over. These are called erasable programmable logic devices (EPLDs). 
These devices are programmed and erased much like EPROMs and EEPROMs. 


14.9 MAGNETIC MEMORIES 


So far we have discussed semiconductor memory devices whose ceils store data in the 
form of electrical charge or voltage. We will discuss now some storage devices whose basic 
storage mechanism is magnetic rather than electronic. The characteristic common to all 
magnetic storage devices is their non-volatility. Magnetic core, magnetic tape and disk, hard 
drives, floppy disk, etc. are some of the magnetic memory devices. 


Magnetic Core Memory 


Magnetic core memory is a non-volatile random access read/write memory that was the 
Predecessor to semiconductor memory. Almost all early computers used magnetic core as 
their primary internal memory before the wide availability of semiconductor memory. The 
basic magnetic core memory cell is a small dough-nut shaped core made of a ferromagnetic 
material. These cores are called ferrite cores and typically have a diameter of 0.05 inch. A 
Small wire is threaded through the centre of the core. When a current pulse is passed 
through this wire, a magnetic flux is set up in the core in a direction that depends on the 
direction of the current. Because of the core's magnetic retentivity, it stays magnetized even 
3 the current pulse is terminated. In other words, it is non-volatile. The two directions 
9! magnetization ent 1 and 0, respectively. H "» 

Stored data ed dore by magnetizing it in the 0 direction (i.e. writing a 0) 
and using a second threaded wire as a sense wire. The size of the voltage induced in the 
Wire will be greater if the core is initially in 1 state rather than in O state. The reading 
^ core is said to be destructive, since it always leaves it in 0 state. Thus, the data must 


GRE 
Tewritten after a read operation. mes from 100 ns to 500 ns and can still 


their 
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Magnetic Disk Memory 

is a flat, circular plate that is coated with a magnetic material. Binary da 
by magnetizing tiny regiments of the surface, and data is read t 
hat magnetization. Magnetic disk memories are used primarily 2 
d for mass storage, because their access times are Ni 
xories. They are less costly per bit of storage ean 
ave become the dominant type of Bees 
memory in computer systems of all sizes. The disks themselves range in size from a 2-inch 
diameter ‘floppy’ disk used with microcomputer systems to a 14-inch diameter hard disk 
used in larger systems. Floppy disks made of plastic are inexpensive and readily portable, 
Hard disks made of aluminum have much greater storage capacity than that of floppies Ai 
are used in complex and more expensive systems where higher speeds and larger capacities 


are required. 


A magnetic disk 
is stored on the disk 
the disk by sensing t 
peripheral or auxiliary memory an 
than those of the semiconductor mem 
than the semiconductor memories and they h 


k is the same whether the disk is small or 
etic surface moving past a read/write head 
N EL. e.t 

surface read/write operation 1s shown in 
e magnetic surface by magnetizing a small 
Read, head b 
n time 


Read and write mechanisms 


le of writing and reading a dis 


The basic princip! 
ces use à magn 


large, hard or floppy. These devi 
to store and retrieve data. 
A simplified diagram of the magnetic 


Fig. 14.28. A data bit (1 or 0) is written on th 


Write head 
X 


Eg Input current 
pulse 


Moving magnetic 


"a"L-—- 
Direction of movement 
(b) 


— > 
Direction of movement 


(a) 
Write head Read head 


aes 
Air gaps 


(c) 
Fig. 14.28 Read/write function on a magnetic surface- " " 
ITE 


ILES. 
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segment of the surface as it moves by the wri 

crs ye n'a en fe eat 
rig. 14.204: ap in the write hi e ur me windin i 
surface of the sonay i = This i he dui ier flux takes a sort ae ne 
Laden Mer s i Spot of one polarity edid in n the surface in the direction 
polarity bos : AU 0. Once a spot on the surface inary 1, and one of the opposite 
until wr with an opposite magnetic field. Thus, ma magnetized, it remains there 
To write sd of Is and Os, the disk is rol. D» ed Storage is non-volatile. 
sequence of current pulses, each pulse having one direi don the winding is driven by a 
are stored in a sequence around a circular path on the i^ "i or the other. Thus, Os and Is 
head similar in construction to the write head is used E To read data on a disk, a read 
a read head, the magnetized spots produce magnetic fiel d d a magnetic surface passes 
voltage pulses in the winding. The polarity of these pulses d e read head which induce 
magnetization spots and indicates whether the stored bit i 22 on the direction of the 
Fig. 14.28b. Very often, the read and write heads are c es ds a 0. This is illustrated in 
in Fig. 14.28c. ined into a single unit as shown 


Magnetic Recording Formats 


Our description of bit storage as a i 

i ion 0 sequence of discret i magneti i 

E ks. pe implied that the regions between the dots €—— ae Tha d 

ps ef ; case, depending on the format used to record data. Several jo s in which digiti 

er We pr of magnetic surface recording are praem Pics em 
-to- , bi-phase, Manchester, and the Kan i : 

waveform representations are si i it tin j we dpi as 

A eparated into bit times—the 1 i i 

or frequency of ean 1 e intervals during which the level 

ii indicates a 1 or 0 bit. Th it ti i 

cs to a basic system timing signal or clock PEE pecus 

n re AS A aie 

Figure 2] x (RZ) recording, there is, in fact zero magnetization between every bit. 

A positi i ustrates the RZ format. As per convention, we regard one magnetic polarity 

aed ene E to logic 1) and the other as negative (logic 0). The important 

and, adjesend gi magnetization returns to zero between every bit, including adjacent Is 

IN SUM A 

vee pere ie of RZ is called the return-to-reference (or bias), wherein the level to 

ilios ibid a between bits can be any level between 1 and 0. Figure 14.29b 

ee xample in which magnetization returns to the polarity representing logic 0 
ery bit, Although there is no ‘return’ involved between adjacent 0s, this format 


has the 
i advantage that the total change in magnetization between a 0 and a I is large, making 


It easie 
T to detect such cases. In this format as well as the others that we will discuss, 


readin; y 
mde writing are synchronized by a clock signal, usually recorded on the disk itself. 
"eb Oe precise time interval, called the bir time during which 
E occur, t 4 H-in ( j | 
evel pud illustrates a non-return-to-zero (NRZ) wave 
ins during the entire bit time. If two or more 


Waveform 
does not return to the 0 level until a 0 occurs. 
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1 


tevel 
magnetization 


zero 
magnetization 


O-level z 
magnetization EU 


: (a) The return-to-zero (RZ) forma 


1-level 
magnetization 


zero 
magnetization 


O-level PR 
magnetization 0 0 9 


(b) The return-to-bias format in which the bias level is the magnetization 
corresponding to logic 0. 


Fig. 14.29 Return-to-zero and return-to-bias formats for recording data. 


bit 
time>” 


(a) Clock 
1-level 


magnetization : 


zero 


. (b) Data bit 
magnetization ; stream 


o-level Rx 
magnetization ———— 


Fig. 14.30 An example of data (01001101) recorded in an NRZ format. — 


xapgit 


E epi 14.31 is an illustration of a bi-phase waveform. In this type, à lisa HIGH level 
pes half of a bit time and a LOW level for the second half, so a HIGH-to-L 
a LOW eee in the middle of a bit time is interpreted as a 1. A 0 is represen 

evel during the first half of a bit time followed by a HIGH level during the 


half, so a l-to-HIG is 0t? 
alf, so a LOW-to-HIGH transition in the middle of a bit time is interpreted as a 


BEER f- Y 
Manchester is another type of phase encoding in which a HIGH-to-LOW A uM 


the start of a bit time represents a an ransition represents a |. F igur i 
p! 0 and 
: no transit! 4 


+7] 


3 4 
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Positive — : 
magnetization ; 


Negative : 
magnetization 


Fig. 14.31 An example of data (01001101) recorded in a bi-phase format 


bit 
“time” 


(a) Clock 
Positive 
magnetization 
(b) Data bit 
Negative Stream 


magnetization : H x 
ees DOs gn gl ee 1o a 
Fig. 14.32 An example of data (01001101) recorded in Manchester format. 


EL. Kansas city method uses two different frequencies to represent Is and Os. The 
bi sn 300 bits/second version uses four cycles of 1200 Hz signal to represent a 0 and 
ght cycles of 2400 Hz signal to represent a 1. This is illustrated in Fig. 14.33. 


*—— Bit 
time á 


d 0 "m 1 | et Th CN | ~ — 


Fig. 14.33 An example of data (10101) recorded in Kansas city 5 


bea 
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Floppy Disks 

(often called diskettes) are thin flexible mylar disks and are available in 2:inc 
34-inch, 5'4-inch, and 8-inch sizes. They are permanently mE in a square jacket, as 
shown in Fig. 14.34a. A small index hole in the floppy is used or referencing the beginning 
point of the stored data. When the floppy 1$ installed in a drive, it spins during read/write 
operations, inside the jacket. A window in the jacket exposes the surface of the flop 
he read/write head. Unlike the larger, hard-disk systems, the read/write 
ontact with the floppy. A write-protect notch in the jacket can s 
f tape to protect stored data, i.e. to prevent writing new data to the 


Floppy disks 


for access by t 
head makes physical c 
covered with a piece 0 


BU on a floppy disk are stored in concentric circles, called tracks as illustrated in Fig. 
14.34b. The disk is further divided into sectors. Each track and each sector is numbered, 
therefore, the portion of a particular track within a particular sector defines one block of 
data having a specific track and sector address. The address is stored at the beginning of 
each such block; therefore the read/write head as it moves across the spinning disk, can 
identify and access any sector on any track. Typical access times are 200-500 ms. 
The index hole marks the beginning of sector 0 and track 0. A soft-sectored disk is one 
for which all the remaining sectors must be defined and identified by the disk controller and 
computer system before the disk can be used. This procedure is called formatting the disk. 
The disk is said to be soft-sectored because formatting is performed under the control of 
a program (software) and because the formatting can be changed at will. A hard-sectored 
disk has all sectors defined at the time of manufacture. It typically has index holes marking 
the beginning of each sector. The number of tracks and the number of sectors on a floppy 
disk vary widely with the system where it is used, the size of the disk, and the recording 
density for which it is designed. Disks are available in single density and double density and 
for single-sided and double-sided recording. Each sector on each track typically contains 
128 or 256 bytes of data in addition to the bits reserved for addresses and various other 
identification and error-checking functions. Stat iy 
Floppy disk capacities typically range from 100 K to a few MB. Floppies have access 
times about 10 times larger and data rates about 10 times slower than those of hard disks. 
The average access time of floppy drives is 100 to 500 ms, and the average data 
i ies ps 1Mbits/s. When inserted into the disk drive unit, a floppy disk: 
Vei di ies om a 360 rpm, which is much slower than the speed of the ha 
they do have the ae i eoe és bare cores EU hard di 
pek es ages of low cost and portability. They can be easily transp 
other, and can be sent through the mail. nf ig 
n 


7 
d 


EXAM z ; : i 
XAMPLE 14.8 A single-sided double-density 8-inch floppy disk has trac s 


76 and se 1 i H " 
Sectors 0 to 25. What is the total storage capacity of the disk? i J 
t TL 

Mi 


Solution (77 tracks) > sectors 
racks) x 26 | X (s bytes 
rac! sector 


j 
IP 
i 


) = 512,512 bytes - 
j 


EXAMPLE 149 The tota 
128 rk cdd hie. Storage capacity of a floppy disk having 80 
S 163,840 bytes. How many sectors does the disk ha 
E 
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Solution 


163,840 = (80) x (number of Sectors) x (12 
8). Therefore, th 
» the number of sectors = 16 


Window for acce: 
by read/write head 


Index hole Disk 


Write Hole for 
protect notch » 


Seton. (met) ni tiig Tuw Fb qut bluM 
(b) Tracks and sectors on a floppy disk — x “Sie deb tul 


iP sepe federico uU brote sf yon boy cisidedzan 
Fig. 14.34 The floppy disk 
"ig. 14. The SREY Fas wigbltnes didt io adeb 


ER L2 
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ERORE sys corded in concentric tracks and sectors on an 
re 


M ing on both sides. Hard disks come in 
re e eren from 1000 to d A single 
E e as 500 tracks and Ee v ud more e zat. i 
14-inch hard disk may Fa eh Fig. 14.35 and rotated Pipes von arive E 
disks are stacked as RAT may also be used, thus $ ducing the = a 
that, multiple read/write mie than a floppydisk (o 00 pm vere AA 
disk spins about 10 ume The access time ina Ne ot 
further reduces the access nore in a floppy disk kg ne tisk dee wan t 
han beso mrs die rate at which data can be ri 
1M to 10M bits/s. s is 


is in position. 


the data are 


In a hard disk system, ered with a mà 


aluminum disk that is cove ae 
sizes from 3% inch to 20 inc 


time. 


Heads 


Head 


Disks 


Drive 
spindle d 


i sks. 
Fig. 14.35 A hard disk unit consisting of five stacked di 


Multi-disk drives with capacities in the range of thousands of MBE S 
hard disks are fixed drives in which the disks are permanently ec. 
mechanism and cannot be removed in normal usage. Some hard disk sys 
disks called disk cartridges or disk packs. 
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ches i 
o surface and the read/write head. Since 


magnetic Tape Memory 


the primary role of the magnetic tape is mass storage and back-up—the duplication and 
preservation. of data stored in other media like hard disks. Back-up is important in many 
systems. because, critical records, computer programs and/or scientific data are Susceptible 
to loss through power failures, mechanical malfunctions or human error. Magnetic tape 
storage is non-volatile and has immense capacity at relatively low cost per bit. A Single tape 
may be of very long length and can store thousands of megabyte. The tape is wound on 
reels that must be unwound to read or write at a specific location. The Principal drawback 
of the tape memory is the long access time required to find a specific block of data. This 
drawback is not a disadvantage when the tape is used as disk back-up. The data is not read 
from the tape very often, and when read, the tape will be read from the beginning. The 
technology of magnetic storage and read/write mechanism is quite similar to that of 
magnetic disks. The adjacent regions on the surface of the tape are magnetized with one 
polarity or the other to represent 1s and Os, and read/write heads are used to sense or alter 
the magnetization. The recording formats discussed in connection with the magnetic disk 
memory can also be used for magnetic tape Storage, the NRZ format being the most 
common. 

Tapes used in large systems, typically, have nine parallel tracks and a read/write head 
for cach track. Seven of the tracks are used for storing data in ASCII code and the other 
two for polarity and timing. Storage density on a single track can range from 200 to 1600 
bits per inch, 

Audio cassette tapes are sometimes used for auxiliary storage in small personal 
computer systems, although floppy disks have already displaced the tape in that role. A 
frequency modulation (FM) format is used for recording on the cassette tape, whereby Os 
and Is are represented by pulse trains having different frequencies. In the Kansas city 


standard FM, a 0 is represented by four cycles of a 1200 Hz signal and a 1 by eight cycles 
ofa 2400 Hz signal. 


Magnetic Bubble Memory 
weet bubble memory (MBM) is a semiconductor memory that stores ater aa i n 
Const, of tiny magnetic domains (bubbles) on a thin film of siete material. It is 
hig from a magnetic material (yitrium-iron garnet) that has the wee whereby 
lj. sty indrically shaped domains called bubbles can be created by pt nee en 

bie ong externally applied magnetic field. The presence of a magnetic bubble in ae 
Magnet; represents a stored 1, and its absence represents a stored 0. Continuously netic 

me fields are used to move the bubbles around in loops inside the magn 
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"T : ing shift registers. The data circulates past a pick-up point where it ; 
ee ae oe world at the rate of typically 50,000 bits per second. Clearly, a 
S equenti cess devices. 
aa suited for the external mass storage function that has been 
previously dominated by magnetic tape and disk storage. At present, the MBMs are at 
100 times faster than the floppy disks but somewhat more costly because of the required 
support circuitry. As and when their cost comes down, we might Bee more and more MBM 
systems being used in place of the slower, less reliable floppy disk systems. 

The MBMs are compact and dissipate very little power (typically 1 UW/bit). They are 
capable of storing large amounts of data. They are also non-volatile. When power goes off, 
the bubbles simply remain in their fixed positions. When power is restored, the bubbles start 
circulating again around their loops. Unlike other non-volatile semiconductor memories such 

EPROMs and EEPROMs, the MBMs can be written into and read from 


as ROMs, PROMs, [^ > ^ 
: ual ease. Because of these features, the MBMs are competitive with semiconductor 


memories in many applications. The main disadvantage is that it takes much longer to get 
data into and out of an MBM compared to semiconductor memories, because MBMs are 
serially accessed rather than randomly accessed. The typical access times are in the range 
of ! to 20 ms. Therefore, an MBM is not suitable for use as the main internal memory. 
Compared with non-volatile tape and disk memories, an MBM system has no moving parts 


and is, therefore, quieter and more reliable. 


with eq 


Major/Minor loop architecture 
Loops in an MBM are in the form of continuous, elongated paths of Chevron patterns. The 
major/minor loop arrangement consists basically of one major loop and many minor loops 
as shown in Fig. 14.36. Ks 
The minor loops are essentially the memory cell arrays that store the data bits. The 
major loop is primarily a path to get data from the minor loops to the output during read 
and to get data from the input to the minor loops during write. - 
Five control functions are used in the read/write cycles of an MBM. These are 
generation, transfer, replication, annihilation, and detection. | 


The read cycle. Data are read from an MBM in blocks called pages. Basically a "page 
consists of a number of bits equal to the number of minor loops. For example, a ty ] 
MBM may have 256 minor loops, each of which is capable of storing 600 bits. Im this cast 
the page size would be 256 bits. “hae 


Each bit in a given page occupies the same relative location in each minor eon 
he maj 


Generator Major loop Detector 
1T Replicator/ 
Annihilator B p 


Transfer gates 


Circulating bub! 
(stored 1s) Sios 


14.10 OPTICAL DISK MEMORY 


The optical disk 


l operation i. M. is the latest mass memory technology that has a promising future. 


3 disk that has Ene on the reflection or scattering of an extremely narrow laser beam off 
ne strong poini 'croscopic pits or bubbles representing logic 1s ‘burned’ on its surface. 
with 650 MB m ini favour of the optical disk memory is its high capacity—4'4 inch disk 
A 1s readily available. Other advantages are its relatively low cost and 
atd Its access times and data transfer rates are comparable to the newest 
. e opti : 
Disks fied | disk systems are available in three basic types based on their writability. 
(Dom monly be read from are called optical ROM (OROM) or compact dise ROM 
QI lopacdias ^. are used to store large fixed databases such as dictionaries or 
a RM) disk, p, 9Ptical disk that can be written to once is called a write-once read-many 
A be wrie, 1€ CD-ROMs and WORMS cannot be erased. The read/write optical disk 


disk itten a f o cad/write optic 
Isk, It Uses 1 ad rewritten as often as desired, and therefore, op ral es like a n ! ic hard 
rent disk surface from other types. Its surface is coated with a magnetic 


Its immunity to 
ard disk 
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can have its magnetic properties changed by a laser beam. The optical disk 
as the principal mass storage device. 


material that 
o emerge 


storage has the potential t 
ED DEVICES 
is a type of dynamic memory, in which packet 
ferred from one MOS device to another. The 
MOS device is quite simple and is shown in Fig. 14.37. When a high 
e metal gate, holes are repelled from a region beneath the gate in the 
potential well is then capable of accepting a packet 
f charge is transferred from one device to an 


14.11 CHARGE-COUPL 


pled device (CCD) memory 


The charge-cou | pus 
) are continuously trans 


of charges (electrons 
structure of a single 
voltage is applied to th 
x This region called a 

Data in the form o 


gates. 


P-type substrate 
of negative charges 
adjacent one by clocking their 


Metal gate 
Insulation 


(silicon dioxide) 


Potential well, formed 
hen gate voltage is 
vee P-substrate 


positive 
Fig. 14.37 Structure of a single MOS device in a CCD memory. 


The CCD memory is inherently serial. Practical memories are constructed in the form of 
shift registers, each shift register being a line of CCDs. By controlling the timing of the 
clock signals applied to the shift registers, data can be accessed one bit at a time from a 
single register or several bits at a time from multiple registers. The principal advantage of 
the CCD memory is that, its single cell structure makes it possible to construct large 
capacity memories at low cost. On the other hand, like other dynamic memories, it must 
be periodically refreshed and driven by rather complex, multi-phase clock signals. Since data 
are stored serially, the average access time is long compared with the semiconductor R 


memory 


SUMMARY 
* Memory is a means for storing binary words. Computer memories may be classified 
Jt 


as main or peripheral. 


e The ma e a los 
he main memory is an integral part of the computer. Being semiconductor mem mon» 


Au 


It is very fast. 
emory 


* Periphera si A alba 
ud Ten neun also called the auxiliary memory, is typically add-on 
& very large capacity. It is much slower than the main memory. It isa » 


lo as mass memory. 
ui ^ 


li AR M 
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stored-program computers are those in which 
language instructions—binary codes—in pl are sto 
ry. 


The size of memory is normally Specifi 
of bits per word (n), such as m x n. 


Data are stored in memory by a Perihi i 
Data are retrieved from memory by a ey M 
The capacity of a memory is the tota] number of igne 

it can store, 


ed b 
y the number of Words (m) and the numbe 
r 


The word size is the number of bits in a word. 
Semiconductor memories can be either bipolar MO: 
sic or MOS, 
' y e masked ROMs (MROMs), PROMs EH or semi-permanently 
PROMs are ‘one-time programmable ROMs? » EPROMs or EEPROMs, 


Non-volatility means that the memory does los da en the 
F » i power goes 
Volatility means that data are lost Aia en - k e 
) oes off. 


A number that identifies the locati 
tion of a word in a i 
dee memory is called the 
PO Maro miali means the mask programmed ROM. which i gram s 
acturer. It cannot be programmed by the user. ct ee 


Microcomputer pro i rmwa 
i grams stored in ROMs are referred because 
ur not subject to change. Programs stored in RWMs a Y E od 
ause they can be easily altered. idus ad: | 
"Memory access time" i ine 
i is the t i i 
ke activation of the Mess ghe y o9 
^ i 
Qu are user programmable ROMs. EPROMs are erasable PROMs. 
dynamic MR be either static or dynamic. A static RAM has latch storage cells, A 
Pied M has capacitive Storage cells. 
sai ee are used as cache memory and scratch-pad memory. 
nl HJ is available in both BJT and MOS technologies, whereas dynamic 
Deana Constructed using only the MOS technology. 
Pei, rave igh capacity, need low power and operate at moderate speeds. 
DRAM Ens of the memory cells of a DRAM is called refreshing the DRAM. 
the i ntrollers are used to refresh large DRAM chips, whereas for small memories 
ANVRA Provides the solution. oe 
ie M contains a static RAM array and an EEPROM array on the same chip. 
stores a be bit-organized or word-organized. In bit-organized memory, each IC 
is E ks each word; in word-organized memory all the bits of wayorarere 
gle IC. pan 
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rammable logic arrays in which AND-OR gate arrays can be i 
programmed to produce specified logic functions. 
` d PROMs. PALs have programmabl 

Ds are of three types: PALs, FPLAs an EAD 
am and fixed OR gates. FPLAs have both programmable AND gates ang 
programmable OR gates. PROMs have fixed AND gates and programmable OR gates. 
ential access type or random access type. In a sequential Be 
nt, but varies depending on the address of the 
the access time is the same for every memory 


PLAs are prog 


Memory may be sequ à 
memory, the access time is not consta 
location. In a random access memory, 


location. t H NS 
FIFOs are first-in first-out memories in which the first bit written in is the first bit 


read out. 
Semiconductor memories are faster than magnetic memories, but costlier in terms of 


per bit of storage. , j 
Floppy disks are made of plastic. They are inexpensive and readily portable. 

In a magnetic bubble memory (MBM), data are stored as tiny magnetic domains called 
bubbles. Bubble memories are serially accessed. 

Though an MBM is costlier than a floppy disk, it is faster. 

The optical disk memory is the newest mass memory technology. The optical disk 
systems are available in three basic types based on their writability—OROM or CD- 
ROM, WORM and Read/Write. 

CCD memories use channels of semiconductor capacitors to store charges 
representing data bits. The CCD memory is a sequential access memory. It is a 


dynamic memory. 


QUESTIONS 
1. Explain the meaning of the following types of memories: tano di 
(a) Memory (b) RAM (c) ROM "Tv C 
(d) PROM (e) EPROM (f) EEPROM 


(g) Mask ROM (h) Volatile memory (i) Non-volatile memory 

(j) Static memory (k) Dynamic memory (1) Main memory — 

(m) Peripheral memory. ee 
ram 


2. How are ROMs and RAMs classified? baril 
3. Define the term mask-programmable. wit s 
4. What are the principal differences between the BJT memory and the MOSFET 
memory, in terms of their speed and size? Ai si 
5. Which memory technology needs the least power? PAV 
6. Define the following terms: smelt * 
x 
epah 


(a) Memory cell 


b) A 
(d) Access time (Addens 


(c) Byte | — 
(e) Memory word. i a 


| AA Y 


25, Draw E 
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certain memory has a capacity of 32K x 16. 
d? How many words are being stored? And hoy many 
Memory cells g ; 

oes this 


7, A 
wor a 
memory contain? 


-ertai tores 8K 16-bi 
8. A certain memory s it words, Ho ! 
lines, and address lines does it have? What i$ i xr Input lines, 
ity in bytes? 


9, How many address inputs, data inputs, an 
12 memo d data Outputs are required for a 32K x 


10. How does a PROM differ from an MR 
How is an EPROM erased? 


11. Describe the procedure for reading from a ROM. 

12. Describe the advantages of an EEPROM over an EPROM 

13. Define the following terms: (a) firmware, (b) software, nd 

14. Describe how a computer uses the bootstrap program. ixi. 

15. How does a static RAM cell differ from a dynamic RAM cell? 

16. List the drawbacks and advantages of dynamic RAM vis-a-vi i 

17. Name the RAM timing parameters which determine its á M 
18. What are the ways of achieving non-volatile RAM Ras ie 

19. How many memory cells does a 512 x 8 NVRAM —! 

20. What is the benefit of address multiplexing? 


21. A 64K x | dynamic memo i 
: chip u i : 
address inputs does this t amr a M 


22. How many 32 x 4 RAMs xamp 
: are needed to form a 32 x 8 i 
of word capacıty expansion or word length bebés ipi È 


23. Determine how n 
many 16K x 4 ircui ; 
of the following memories memory circuits would be required to construct each 


H " 
Ow many bits are there in cach 


data output 


OM? Can it be erased and Teprogrammed? 


uts. How many 


(a) 256K x 8 
24. A IM x8 
has an acti 
(a) How 
(b) Wh 
(c) Wh 


(b) 128K x 16 ()]Mx4 

memory is to be constructed by usin; ger eran 

j ig 64K x 8 circuits, each of which 

ve-LOW chip select input. Ow tet UE 

a nany 64K x 8 circuits are required? rear entiro ies 

i ype of decoder is necessary to select individual 64K x 8 circuits? 
are the address inputs to the decoder? ) om ud W b 


i ei diagram showing how to interconnect 2K x 8 memory circuits to obtain 

data-in/data out 0 ? Each circuit has an active-LOW chip select input and co 

Draw & 1c el ES 

metn logie diagram showing how to interconnect 128 x 4 static RAMs to 

ra - 6x8 memory. Each circuit has an active-LOW chip select input and 
ata-in/data-out pins. 


` "Xplain t 3 
Memory, he difference between sequential access memory and random access 
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does a FIFO differ from a recirculating shift register memory? 
28. How 
29. What is à data rate buffer? 


i OM? 
How does PLA differ from à R r 
m > 1 S What does an ‘x’ represent on à PLD diagram? What does a ‘dor’ 
What Is à £ 


PLD diagram? 
m of a PAL differ from that of a PROM? 


f a FPLA differ from those of PROM and PAL? 
| would be programmed to implement the functions 


represent 
. How does the architecture 
33. How does the architecture 0 
. Show how the PLA in Fig. 14.2 


F, = ABC + ABC and F, = ABC + AB + AC. 
1 


ow the FPLA circuit in Fig. 14.23 would be programmed to implement 


35. Show h mp 
F, = ABC + ABC F, = ABCBC + ABC + ABC and F, = AB 

i: , 
36. Show how the FPLA circuit in Fig. 14.23 would be programmed to implement 


F,- ABC + BC + ABC and F, =F, 
Using the simplified connection format of a PLA, show how an 8 x | PROM should 


be programmed to implement the logic function 
F = X(l, 4, 5, 7) 


[7] 
3 


d be programmed to serve as a look-up table for 


8 x 1 PROM shoul S 
a irai ? Use the simplified connection format of a PLA. 


the odd parity-bit of a 3-bit number 


39. What property distinguishes a stored 1 from a stored 0 on a magnetic disk? 
40. What are the main advantages and disadvantages of floppy disk storage compared to 


hard disk storage? 
41. What is the major application of tape memory? 
42. What is a fixed hard disk drive? 


s the disadvantage of MBMs vis- 


43. How are Is and Os represented in an MBM? What i e o 
c bubble? How is it crea’ 


a-vis semiconductor memories? What is a magneti 

f 0j 

44. What are the chief advantages of optical disk memory? List the three types of op 
disk storage. 


45. How are data stored in a CCD memory? What are the princi 
disadvantages of the CCD memory? 


tical 


pal advantages and 


Number 
7400 
7401 
7402 
7403 
7404 
7405 
7406 
7407 
7408 
7409 
7410 
7411 
1412 
7413 
414 
14H15 
1416 
7417 
7420 
7421 
422 
7423 
7425 
1426 
1427 
1428 
1439 
ss 
1439 
1433 
143 
1438 
Mag 
May, b 


Appendix | 
COMMONLY USED TTL ICs | 


Description 
Quad 2-input NAND gates 
Quad 2-input NAND gates 
Quad 2-input NOR e vites. 
Quad 2-input NOR gates (open collector) 
Hex inverters 
Hex inverters (open collector) 
Hex inverter buffers/drivers 
Hex buffer-drivers (open colli i 
on hv "E lector high voltage outputs) 
Quad 2-input AND gates (open collector) 
Triple 3-input NAND gates 
Triple 3-input AND gates 
Triple 3-input NAND gates (open collector) 
Dual 4-input NAND Schmitt trigger 
Hex Schmitt-trigger inverters 
Triple 3-input AND gate (open collector) 
Hex inverter buffer drivers 
Hex buffer drivers 
Dual 4-input NAND gates 
Dual 4-input AND gates 
Dual 4-input NAND gates (open collector) 
Dual 4-input NOR gates with strobe 
Dual 4-input NOR gates 
Quad 2-input TTL-MOS interface NAND gates 
Triple 3-input NOR gates 
Quad 2-input NOR buffers 
8-input NAND gate 
Delay elements 
Quad 2-input OR gates 
Quad 2-input NOR buffers (open collector) 
Quad 2-input NAND buffers 
Quad 2-input NAND buffers (open collector) 
ual 4-input NAND buffers 
BCD-to-Decimal decoder 
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Number 
7443, 43A 
7444, 44A 
7445 
7446 
7441 
7448 
7450 
7451 
7452 
7453 
7454 
7455 
7459 
7460 
7461 
7462 
7464 
7465 
7410 
7471 
7472,74H72 
7473 
7474 
7475 
7476 
TA4LST6A 
7480 
7482 
7483 
7485 
7486 
7489 
7490 
7491 
7492 
7493 
7494 
7495 
7496 
74100 
74H103 
74104 
74105 
74H106 
74107 


scription 
Ese Dist decoder 
Gray-to-Decimal d 

D-to-Decimal decoder/driver 

ee eae decoder/drivers (30 V output) 
BCD-to-Seven segment decoder/drivers (15 V output) 
BCD-to-Seven segment decoder/driver 
Expandable dual 2-input 2-wide AOI gates 
Dual 2-input 2-wide AOI gates 
Expandable 2-input 4-wide AND/OR gates 
Expandable 2-input 4-wide AOI gates F 
2-input 4-wide AOI gates w 
Expandable 4-input 2-wide AOI gates " 
Dual 2/3-inputs 2-wide AOI gates 
Dual 4-input expanders 
Triple 3-input expanders 
2-2-3-3 input 4-wide A/O expanders 
2-2-3-4 input 4-wide AOI ern * 

-wide AOI gates (open collector 4 t 
ien gated dade edge-triggered J-K FF with PRESET and CLEAR ~ 


Aor 
JK master-slave FF with preset 


wt 


AND gated J-K master-slave FF with PRESET and CLEAR pe 
Dual J-K master-slave FF with active-LOW CLEAR e 
Dual positive edge-triggered D FF zd 
Quad D-latch pes 
Dual positive edge-triggered J-K flip-flops pes 
Dual negative edge-triggered J-K flip-flops jam 
Gated full-adder als 
2-bit binary full-adder ed 


4-bit binary full-adder with fast carry aget 
4-bit magnitude comparator peat 
Quad X-OR gate tw 
64-bit random access read/write memory m 
Decade counter "t 
8-bit shift register ai 
Divide-by-12 counter "us 
4-bit binary counter acer 
4-bit shift register one 
4-bit bidirectional shift register wast 
5-bit parallel-in parallel-out shift register gear 
4-bit bistable latch uy 
Dual J-K negative edge-triggered FF with CLEAR 


(ist 

J-K master-slave flip-flop er we 
a 

"t 


J-K master-slave flip-flop 
Dual J-K negative edge-triggered FF with PRESET and CLEAR d 
Dual J-K master-slave FF with CLEAR 


* 


Number 
74LS107A 
74109 
74110 
74111 
74116 
74121 
74122, 23 
74125, 26 
74132 
74136 
74LS138 
74141 
74142 
74145 
74147 
74148 
74150 
74151 
74152 
74153 
74154 
74155,156 
74157 
74160 
74161, 62, 63 
74164 
74165,66 
748168 
748169 
74173 
74174 
74175 
74176 
74177 
74179 
74180 
74181 
74182 
74184 
74185 
74189 
74199 
74191,93 
74192 
74194 
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Description 
Dual J-K negative edge-triggered FF 
Dual J-K positive edge-triggered FF 
AND gated J-K master-slave FF with data lock-out 
Dual J-K master-slave FF with data lock-out 
Dual 4-bit latches with CLEAR 
Non-retriggerable one-shot 
Retriggerable one-shot with CLEAR 
3-state quad bus-buffer 
Quad 2-input NAND Schmitt trigger 
Quad 2-input X-OR gate 
3-line to 8-line decoder/demultiplexer 
BCD-to-Decimal decoder/driver 
BCD counter/latch/decoder/ driver 
BCD-to-Decimal decoder/driver 
Decimal-to-BCD priority encoder 
Octal-to-Binary priority encoder 
16-line to 1-line multiplexer 
8-channel digital multiplexer 
8-channel data selector/MUX 
Dual 4-line to 1-line multiplexer 
4-line to 16-line decoder/D MUX 
Dual 2-line to 4-line demultiplexer 
Quad 2-line to 1-line data selector 
Decade counter with asynchronous CLEAR 
Synchronous 4-bit counter 
8-bit parallel-out serial shift register 
Parallel load 8-bit serial shift register 
Synchronous up/down decade counter 
Synchronous up/down binary counter 
4-bit D type 3-state register 
Hex D flip-flops with CLEAR 
Quad D flip-flops with CLEAR 
35 MHz presettable decade counter 
35 MHz presettable binary counter 
4-bit parallel access shift register 
8-bit odd/even parity generator/checker 
Arithmetic logic unit 
Look-ahead carry generator 
BCD-to-Binary converter 
Binary-to-BCD converter 
3-state 64-bit RAM 
Synchronous up/down decade counter 
Synchronous binary up/down counter 
Synchronous BCD up/down counter 
4-bit bidirectional universal shift register 
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Number Description " 
74195 4-bit parallel access shift register 
74196 Presettable decade counter 
74197 Presettable binary counter 

74198 8-bit shift register k 

74221 Dual one-shot with Schmitt trigger inputs 
74246, 47, 48 BCD-to-Seven segment decoder/driver 

74251 3-state 8-channel multiplexer 

74LS253 Dual 4-to-1 data MUX with 3-state output 
74251 Quad 2-1 multiplexer 

74259 8-bit addressable latch 

74LS266 Quad 2-input X-NOR gates 

74279 Quad latches 

74LS280 9-bit odd/even parity generator/checker 

74283 4-bit binary full-adder with fast carry 

74284, 285 3-state 4-bit by 4-bit parallel binary multipliers 
74290 Decade counter 

74293 4-bit binary counter 

74295 4-bit bidirectional shift register with 3-state outputs 
74LS320 Crystal controlled oscillator 

74365, 66, 67 3-state hex buffers 

74390 Individual clocks with flip-flops 

74393 Dual 4-bit binary counter 


Asynchron 


Active-HIGH (LOW) input Input which ; 
when circuit operation is ELO * normally LOW (HIGH) and goes to HIGH (LOW) 


Active logic level Logic voltage leve] at which a circuit i 
18 considered active. 


A/D converter The circuit which converts an analog signal into į 

Address The number that uniquely identifies the on des into its digital form. 

Alphanumeric codes The codes that mous dex nord is a us in memory. 

Analog Being continuous or having a continuous » alphabetic characters, and symbols. 
of values. Tange of values as opposed to a discrete set 


Analog system Interconnection of devi i 
represented in analog form. vices designed to manipulate Physical quantities that are 


AND gate A digital logic circui AND 
gate t used to impl operati 
circuit is a 1 only when each one of its d da SOR URP aba 


ANSI American National Standards Institute. 


Anti-coincid 
incidence gate An X-OR gate which outputs a HIGH only when its two inputs diff. 
fer. 


Arbitration Selection i 
r of the input wi i iori inputs 
are simultaneously high in i eee VERREM Mea uh 


Arithmetic Logic Unit 


(ALU) A digital circuit used i 
logic operations. ) A digital circuit used in computers to perform arithmetic and 


ASCII code Ameri rchan, seven-| umeri 
erican Standard Code for Informati it alphanı 
code used by most computer pee a po Ps. im : 


Asserted ley 
el A term i i 
perm synonymous with active level, the level of the signal required to initiate 


Astable multi 
ultivibr: igi ircuit wil 
hes ator A digital circuit with no stable state; it oscillates between two quasi- 


Asy 
"chronous Having no fixed time relationship. 
isi Fall A type of counter in which the external clock signal is applied only 
»ii and the output of each FF serves as the clock input to the next FF in the chain. 
9f the FF Ne Also called the overriding inputs of FFs. They can affect the operation. 
pendent of the lock and synchronous inputs. 


Asynchronous c 
lo the fi 
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Asynchronous transfer Transfer of data performed without the aid of clock. 


Backplane Electrical connection common to all segments of the LCD. 


B: The number of symbols in a number system. Also, one of the three regions in a BJT. 
ase s 

BCD Binary coded decimal, a digital code. 

BCD adder 


BCD counter 


Bidirectional shift register 
either direction. i 

Bilateral switch A CMOS circuit which acts like a single-pole, single-throw, switch controlled 
by an input logic level. 


An adder containing two 4-bit parallel adders and a correction detector circuit, 
A mod-10 counter that counts from 0000, to 10015. 
Shift-left, shift-right, shift register, in which data can be shifted in 


Binary Having two values or states. z 


Binary counter A counter in which the states of FFs represent the binary number equivalent 
to the number of pulses that have occurred at the input of the counter. i 


Binary multiplier A digital circuit capable of performing the arithmetic operation of multipli- 


i Aqli 
cation on two binary numbers. d 


Binary number system A number system with only two values, 0 and 1. yolan 


Binary point A mark which separates the integer and fractional parts of a binary number. 


age : ó valend 

Bipolar DAC A DAC whose output can assume a positive or negative value depending on the 

signed binary input dd 

Bipolar ICs The ICs which use BJTs as the main circuit elements. 

Bistable multivibrator A multivibrator which can remain indefinitely in any one of its two 
states. It is commonly known as flip-flop. 


»nio- imd 
Bit Binary Digit, a 1 or a 0. 
Block parity A method of providing parity rowwise and columnwise for a block of informal 


words. 


uitis 
Boolean algebra It is the study of mathematical logic. 


Bubbled AND gate The AND gate with inverted inputs. It performs the NOR operation, —— 
Bubbled OR gate The OR gate with inverted inputs. It performs the NAND operation. — 


Buffer driver A circuit with greater output current and/or voltage capability than an ordinary 
logic circuit. sA 


Buffer register The register that holds digital data temporarily. ; "dan 


Byte A group of 8 bits se 
Capacity The amount of storage space in a memory expressed as number of bits or number of 
words. 1 A 

pre 1 ET 

arry A digit that is carried to the next column when two digits are added. oF 
CCD Charge-coupled device, omen 


à type of semiconductor technology. 
À sle T "3 
A single storage element in à memory 


Cell 


"m 


Check sum A special data word that is derived 


used for error checking purposes, from the addition of all other data words. It is 


Circulating shift register A shift register in which the 


input to the first FF. output of the last FF is connected as the 


CLEAR An asynchronous FF input that makes Q-0 instantaneously. 
Clock The basic timing signal in a digital system. i 
Clock skew Arrival of a clock signal at different ti i i 

A eut Ot propc ER imes at the clock inputs of different FFs as 


Clock transition times Minimum rise and fall times for the clock signal transitions. 
CMOS Complementary Metal Oxide Semiconductor. The Ic i 
NMOS and PMOS FETs as the principal circuit elements. 


Code A combination of binary digits that represents information such as 
and other symbols. 


technology which uses both 


numbers, alphabets, 


Code converter An electronic digital circuit that converts one type of coded information into 
another coded form. 


> a 
Coincidence gate The X-NOR gate which outputs a HIGH only when its two inputs are the 
same. 


Combinational logic circuit A combination of logic devices having no storage capability and 
used to generate a specified function. 

Complement An invert function in Boolean algebra 

Computer word The group of bits used as the primary unit of information in a computer. 


Control inputs Input signals synchronized with the active clock transition that determine the 
output state of a FF. 


Cyclic code A code in which the successive code words differ in only one bit. 

D/A converter The circuit which converts a digital input into an analog output. 

Data Information in numeric, alphanumeric, or other form. 

Data lock-out FFs A master-slave FF that has a dynamic clock input. 

DC CLEAR Asynchronous FF input used to clear the FF. 

DC SET Asynchronous FF input used to set the FF. 

De Morgan's theorems (1) The complement of an OR operation on variables is equal to an 
AND operation on the complemented variables. (2) The complement of an AND operation 
?n variables is equal to the OR operation on complemented variables. 


D 
‘cade counter A digital counter having 10 different states. 


D 1 
PR number system The number system with 10 different symbols. 
ecoder 


A digital circuit that converts coded information into familiar form. 
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ic circuit that channels its data input to one of several dng 
i UX) The logic circuit t 
Demultiplexer (DM 
outputs. 
Dependency notation A 
relationships. l 
igi epresenting a given q 
Digit A poma digital circuits, made by using one of several IC technologies, 
Selt-co 


of devices designed to manipulate physical quantities that are 
n 


notational system for logic symbols that specifies the input and output 


uantity in a number system. 


Digital ICs 
Digital system A combination 

represented in digital form. eR: 
ual-in-line-package; the most common type o! p t 


ki i lumn In a prime implicants chart, a column which has a ‘X’ in every row in 
Dominating co ) 


ther column has a ‘X’. acan , " 
3A E In a prime implicants chart, a row which has a ‘X’ in every column in which 
Dominating 
er row has a ‘X’. DA 
ew A condition in a logic circuit in which the output is independent of the state of 
Don't care Ci 
a given input. i 
dm Dynamic RAM: a type of semiconductor memory that stores data as capacitor charges. 
eshed periodically. 
that need to be refreshed periodica 
Dynamic shift register A register in which data continually circulates through the register. 
ynami s 
under the control of a clock. 
EAPROM  Electrically alterable programmable read only memory. arid 
EBCDIC code Extended Binary Coded Decimal Interchange Code: an alphanumeric code. 
i er 
ECL Emitter Coupled Logic. Also referred to as current mode logic (CML). L 


Edge detector A circuit that produces a narrow positive spike, coincident with the acti 
transition of a clock pulse. "as 


Edge-triggered FF A type of FF which is activated by the clock signal transition. 


a? 
EEPROM Electrically erasable programmable read only memory. 
2 ooo W 
Encoder A digital circuit that converts information into coded form. 
pis 
EPROM Erasable programmable read only memory. 


4 ee bit code 
Excess-3 code A digital code in which each of the decimal digits is represented by ad 
derived by adding 3 to each of the digits. n j 
Excess-3 gray code A digital code in which each decimal digit is encoded with a gray com 
pattern of the decimal digit that is greater by 3. ib 
Excitation table A table showing the required input conditions for each possible 
transition of a device/machine. 


nó 
S usd coincide i 
Exclusive-NOR gate A logic circuit which produces a | output only when its inputs ae 


IN m are different 

Exclusive-OR gate A logic circuit which produces a 1 output only when its inputs © — drive 

s can 

Fan-out The maximum number of equivalent gate inputs that the output of a gate Pb 
without impairing its own function 


le statt 


inite state machine A oa E 
"e "s bees the iterative al describing the synchronous sequential 
Flat package A type of IC package. 

Flip-flop A memory device Capable of Storing a logic leve] 
Floppy disk Flexible magnetic disk used for mas. l 
Frequency counter A circuit that can measure aj 


Full-adder A digital circuit that adi 
digit and an output carry. 


machine and its 


S storage. 
ind 


display the frequency of a signal. 
ds two binary digi 


ts and an input carry, and produces a sum 
Full-subtractor An digital circuit that subi i 
ar tracts one bit from another bit considering previous 


Half-adder A digital circuit which can add only two bits, an 
Half-subtractor A circuit which can subtract one bit from another, 
Hard disk A rigid metal magnetic disk used for mass storage. 
Hexadecimal number system A number system consisting of 16 symbols, 
Hold time The time interval for which the control signal has to be maini 
terminal of the FF after the clock termination in order to obtain reliab 
Hybrid circuits Circuits containing both integrated and discrete compo 
Hybrid counter A synchronous counter whose outpi 
IC Integrated circuit: a type of circi 
silicon chip of very small size. 


0-9 and A-F. 
tained at the input 
le operation. 

nents. 

ut drives the clock input of another counter. 
uit in which all the components are integrated on a single 


Inhibit circuits Logic circuits that control the passage of an input signal through to the output. 


Interfacing Joining of dissimilar devices in such a way that they are able to function in a 
compatible and coordinated manner; connection of the output of a system to the input of 
à different system with different electrical characteristics. 


Invert jt Causes a logic level to go to the opposite state. 
A logic circuit that implements the NOT operation. 
Iterative network A digital structure composed of a cascade of identical circuits or cells. 
ER ^ type of FF that can operate in the ‘no change’, ‘st EL oder 
i, counter A type of shift register counter in which the inverted output of the last FF 


nnected as data input to the first FF. 
arnaugh map An 


Solean expressio) 


Inverter 


IS Co; 


arrangement of cells representing the combinations of Variables in a 
n and used for a systematic simplification of the expression. 
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Latch A non-clocked FF. 

error The maximum devi 
a counter when succ 


her invalid state. 
es according to a set of logic rules. 


Linearity ation in step size from the ideal step size in a DAC, 
Lock-out The state of essive clock pulses take the counter only from one 
invalid state to anot 


A circuit that behav 


Logic circuit 
Logic level State of a voltage variable. States HIGH and LOW correspond to the two usable 
voltage. levels of a digital device. 
ddition whereby carries from the preceding stages are 


ry A method of binary à 


Look-ahead car 
hus avoiding the carry pro 


anticipated, t pagation delays. 


acent squares in à K-map containing 1s (Os) for the purpose of 


POS) expression. 
_ the rightmost bit in the binary number. 


digit that carries the least weight in a particular number, 
tion in which 100 to 9999 gates are integrated 


Looping Combining of adj 
simplification of a SOP ( 
LSB The least significant bit, ie 


LSD The least significant digit, i.e. the 
LSI Large scale integration. A level of integra 


on a single chip. 


ic bubble A tiny magnetic region in magnetic material created by an external magnetic 


Magneti 


field. 
Magnetic bubble memory (MBM) Solid state, non-volatile, sequential access, mass storage 
memory device consisting of tiny magnetic domains (bubbles). 


ry Non-volatile random access memory made up of small ferrite cores. 
that stores data as magnetized spots on a rotating 


Magnetic core memo! 
Magnetic disk memory Mass storage memory 
flat disk surface. 
Magnetic tape memory 

iron-coated plastic tape. 


Magnitude comparator A digital circuit used to com 
numbers and indicate whether they are equal or no! 


magnitude. 
Mass storage Storage of large amounts of data, not part of the computer's internal memory. 
Master slave FF A type of FF in which the input data affects the first of its two FFs at U 
leading edge of the clock pulse and then the contents of the first FF appear at the output 
of the second FF at the trailing edge of clock pulse. = 
E 


Mass storage memory that stores data as magnetized spots on an 


- ue n 
pare the magnitudes of two binary 
t, and if not which one has larger 


Maxterm The product term in the standard POS form. 
omnt 


Memory array An arrangement of memory cells. 


Memory cell An individual storage element in a memory. 
Memory word Groups of bits in memory that represent instructions OF data of some DP. 
M Hae A large-scale integrated circuit that can be programmed to perform ari 

ogic functions and to manipulate data. e 
Minterm The sum term in the standard SOP form. 


Modifi 
ied modulus counter A counter that does not sequence through all o! 


Modulus The maximum number of states in a counter Glossary 643 
inter sequence, 


Monostable multivibrator A multivibrator havi 
M 


quasi-stable state. It is also called one-shot g only one stable state, The other one is 
zi isa 


Monotonicity A property whereby the 
value, but never decreases as the oot fe a DAC ei 
MSB The most significant bit. The leftmost bi i 
5 ost bit in a bin: 
ary number. 


MSD The most significant digit. The digi d 
Ape rs that carries the most weight in a particular number. 


ther increases or stays at the same 


MSI Medium scale integration. A lev i ` 
fabricated on a single chip. el of integration in which 12-99 gate circuits arè 


Multiplex To put information from 
several sources on to a si i 
single line or transmission 
path. 


Multiplexer (MUX) A digital circuit, di 1 
» dej = 
channels one of several data inputs to ora the status of its control inputs, that 


NAND gate The logic gate that outputs 
vos eei St DE ANE ONE puts a O only when all its inputs are Is. It gives the 


NAND-gate latch Basic flip-flop constructed using two cross-coupled NAND gates. 


Negative logic The system of logic i i 
Min gic in which a LOW represents a 1 and a HIGH represents 


NMOS N-channel metal oxide semiconductor. 
Noise Unwanted (spurious) signals. 
Mes immunity The ability of a circuit to tolerate noise voltages on its inputs. 
oise margin Quantitative measure of the noise immuni i 
N munity. It is the maxim i 
: can be added at the input of a gate without affecting its operation. lesioni 
on-retriggerable one-shot A ty, 
trigger pe of one-shot that does i input signal 
while in its quasi-stable state. : inca ag 
Non-volatile memo: M i its i i 
er x E lemory that is able to keep its information stored in the event of failure 
NOR gate A logic circui 
: gic circuit that outputs a 1 only when each one of its in| is Iti 
- eo to an OR gate followed by an inverter. eur "ul 
Mine latch A flip-flop constructed using two cross-coupled NOR gates. 
i eris A logic circuit that inverts its only input. 
id 
ivy number system A number system with 8 digits (0, 1, 2, 3, 4, 5, 6 7). 
e! 
nil A group of 8 Is or Os that are adjacent to each other in a Karnaugh map. 
e! 
Et error The voltage present at the output of a DAC when the input is all Os. 
bisa MR form A form of representation obtained by complementing each bit of a 
T. 
One-sh, "T 
i -—Ó oo with only one stable state—the other name of monostable 
Or. 
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collector gates The TTL gates which use only one transistor with a floating collector in 
the output structure. 


OR gate ^ logic circuit that outpu' i 

Override inputs Asynchronous inputs in a 
signals. 

Oscillator A 

Parallel adder A digital circu 
simultaneously. 

Parallel counter A counter in which 
of synchronous counter. 

Parallel data transfer The operation by which the entire contents of a register are transfe 
to another register. transferred 


Parallel transmission S 


another. 
Parallel-in, parallel-out, shift register A type of shift register that can be loaded with arallel 


data and has also parallel outputs available. 
Parallel-in, serial-out, shift register A type of shift register that can be loaded with parallel 

data but has only one serial output terminal. ‘agg 
An additional bit that is attached to each code group so that the total number of Is 


d is either odd or even. ue 
s used to check parity among the group of bits received. — 
kes a set of data bits and produces the correct parity 

acum pda 


ts a HIGH whenever one of its inputs is a HIGH, 
FF which override the effects of all other input 


į switches back and forth between two states, 


n electronic circuit tha 
h full-adders that adds all the bits from two n 


it wit 


all the FFs are triggered simultaneously—the other name 


imultaneous transfer of all bits of a binary number from one place to 


Parity bit 

being transmitte 
Parity checker A circuit that i: 
circuit that tal 


Parity generator A digital 
bit for the data. 


Percentage resolution The ra size to the full-scale value of a DAC. Tt can also 
be defined as the reciprocal 


of a DAC. 
PMOS P-channel metal oxide semiconductor. E 
Positional-value system The system in which the value of a digit 1s dependent on its ela 


position. 
Positive logic system The system of logic in which a HIGH represents a l anda LOW prts 
E A 


a0. 
HT 


PRESET Asynchronous input used to instantaneously set Q- 1. E 
Presettable counter A counter that can be PRESET to any initial count either synchronous n 


or asynchronously. 
the tabular metho 


ponding to the 


tio of the step 
1 of the maximum number of steps 


Prime implicant A term which cannot be combined further in 


pore PRSE An encoder that produces a coded output corres 
nput when two or more inputs are applied simultaneously. 


PROM at c3 
A ROM that can be programmed by the user. It cannot be erased 2 


Propagati 4 | 
pag: x delay The time interval between the occurrence of an innate 
corresponding Output transition, * | 


Gloss. 
original level. iin 


Quantization error The erro; 
of the device. T caused by, non, 
Quasi-stable state A tem 
i por: 
before returning to thi ary stable state, A monostable circuit j 
quasi-stable. Icult is triggered to this state 


É Propagation tim 
Radi is eous output. p n Md 


Real na ee 
we! e process of retrieving information from a 
ead/write mi SEP 
: emory A memory that can be both read fi á 
Re end code A code with the property th d 
- ] bit code about an axis at the ae 
below the axis. LP pe 


bit code can be i 
obtained by reflecti 
à tu 
ode and putting Os above the axis d p 


Refresh e pr lynamic memory. 
resi The process of renewing the contents of a d 
Register A group of flip-flops capable of storing data. e : 


RESE The state of a register or counter w| 
I E FF, is synonymous wil 
j ; regi ter when Os are stored. This term i ynony; th 
j " 


must c] 
st change to produce a change in the digital output 


Retri 
etriggerable one-shot A type of one-shot that will 


its i i 
its quasi-stable state. respond to a trigger input signal while in 


Rin; ial-i 
£ counter Serial-in, serial-out, shift reg 


to the input of the first FF. Mss dcn quitut of the last FE is Egnnected 


Ripple counter A counter i i 
M ó in which the external clock signal is appli 
tox M d dim other FF is the output of Ps be App the first FF and then 
Schmitt trigger A di 
Signal, 
Schottky TTE 
Schottky bai 


M eee 
gital circuit that converts a slow-changing signal into a fast-changing 


A TTL subfamil 
SEA y that uses the basic standard TTL circuit exce] A 
rrier diode between the base and collector of each " hee er 


Self-co 
mplementin: 
ou g code A code in which the cod ^ 
anita ^ le word of the 9's ci i 
e obtained from the code word of N by interchanging «idi on it ie oan 


Sequenti 
tial code ia j 
code ie s 
its prece dion z = which each succeeding code word is one binary number greater than 
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Sequence detector A digital circuit used to detect a sequence in the input. 


Sequential logic A system of logic in which the logic output states and the sequence of 
operations depend on both the present and the past input conditions. 

Serial adder A type of adder which adds two numbers by taking the bits from them serially 
with a carry. 

Serial data transmission Transfer of data from one place to another one bit at a time on a single 
line. 

Serial-in, parallel-out, shift register A type of shift register that can be loaded with data 
serially, but has parallel outputs available. 

Serial-in, serial-out, shift register A type of shift register that can be loaded with data serially, 
and also has a serial output terminal available. 

SET The state of a flip-flop when it is in the binary 1 state. 

Set-up time The time interval for which the control signals must be held constant at the input 
terminals of a FF, prior to the arrival of the triggering edge of the clock pulse. 

Settling time The time taken by the output of a DAC to rise and settle within one-half step size 
of its full scale value as the input is changed from all Os to all Is. 


Shift register A digital circuit capable of storing and shifting binary data. 


Sign bit A binary digit that is inserted at the leftmost position of a binary number to indicate 
whether that number represents a positive or negative quantity. " 


Speed power product Numerical value (in joules) often used to compare different logic: 
families. It is obtained by multiplying the propagation delay (ns) by the power dissipation 
(mW) of a logic gate. hv 

SSI Small scale integration (less than 12 gates per chip). 


Stage One storage element in a register or counter. "^ 
+ 
Standard SOP form A form of Boolean expression in which each product term contains all the 


variables of the function and all these product terms are summed together. iii 
1 ui 


Standard POS form A form of Boolean expression in which each sum term contains all the 
variables of the function and all these sum terms are multiplied together. E 
7" 


State assignment The process of assigning the states of a physical device to the states ofa 
sequential machine. tal 


State diagram A picture showing the relationship between the present state, the input, the next 
state and the output of a sequential machine. 


State machine Any sequential circuit exhibiting a specified sequence of states. ort 


State table A table showing the relationship between the present state, the input, the next stale 
and the output of a sequential machine. nett 


State variables : 


The output values of the physical device in a sequential machine. 


SRAM (Static RAM) A RAM that stores information in FF cells which do not have tibai 
refreshed unlike those of the DRAM. T 
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Storage The memory capability of a digital device. Also, 


the process of stori i 
later use. P storing digital data for 


Straight binary coding Representation of a decimal number by its equivalent binary number 


Strobing A technique often used to eliminate decoding spikes. 


Substrate A piece of semiconductor material over which th 
an IC. 


Sum of products form A form of Boolean expression, that is, 


€ components are fabricated in 


the ORing of ANDed terms. 
Synchronous Having a fixed time relationship. 


Synchronous counter A counter in which the circuit out 


ce puts can change states only on the 
transitions of a clock. 


Synchronous inputs Input signals synchronized with the active clock transition that determine 
the output state of a FF. 


Synchronous systems Systems in which the circuit outputs can change states only on the 
transition of a clock. 


Synchronous transfer Data transfer performed by using synchronous and clock inputs of a FF. 
Terminal count The final state of a counter Sequence. 

Timing diagram Depiction of logic levels as related to time. 

Toggle mode The mode in which a FF changes states for each clock pulse. 


Totem-pole A term used to describe the way in which two bipolar transistors are connected 
one above the other at the outputs of most TTL gates. 


Transition A change from one level to another. 


Transition and output table A table showing the state transitions and the output of the 
sequential machine in terms of the assigned states. 


Transmission gate A digitally controlled bi-lateral CMOS switch. 

Trigger A pulse used to initiate a change in the state of a logic circuit. 

Tri-state A type of output structure which allows three types of output states—HIGH, LOW and 
high-impedance. 

Truth table A tabular representation of the outputs of a logic circuit for all possible 
combinations of inputs. 

TTL (Transistor Transisitor Logic) An IC technology that uses the bipolar transistor as the basic 
circuit element. 

ULSI Ultra large scale integration (more than 100,000 gates per chip). 

Unipolar ICs The ICs in which the MOSFETs are the main circuit elements. 

Unit distance code A code having the property such that the bit patterns for two consecutive 
numbers differ in one bit position only. 

Unit load The current drawn by the input of a logic gate when connected to the output of an 
identical gate. 


ENS 
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Universal gates The gates using which the basic logic functions (AND, OR and NOT) can be 
realized. 

Universal shift register Shift-right, shift-left, shift register which can input and output data 
either serially or parallely 

Up-counter A counter that counts upwards from zero to a maximum count. 

UVEPROM Ultra violet erasable programmable read only memory. 

Variable modulus counter A counter in which the maximum number of states can be changed, 

VLSI Very large scale integration (10,000 to 99,999 gates per chip). 

Volatile memory Memory requiring electrical power to keep information stored. 

Voltage level translator A circuit that takes one set of input voltage levels and translates it 
to a different set of output voltage levels. 

Weight The positional value of a digit in a number. 

Weighted code A digital code that utilizes weighted numbers as the individual code words, 

Wired AND A term used to describe the logic function created when open-collector outputs are 
tied together. 

Word A group of bits representing a complete piece of digital information. 

Wrapping around Folding at the centre of a Karnaugh map such that the edges coincide; 


Writing The process of storing information in a memory. 
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27 O 110101 W Hoe a awe! (d) 110111 

£ (d) 1011.000111 
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2.26 (a) 2742 (b) 11959 (c) 41103.879 (d) 36423.629 
2.27 (a) IC4 (b) I2BC (c) 4E0.8E5 (d) 22FD.C 
2.28 (a) 161F (b) 1585B (c) SID (d) 1AD84.6E 
2:2 (a) 19A (b) 389 (c) C371.D2 (d) IDE3.C5 
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2.31 (a) E0.C (b) 726 (c) 418.0E (d) 5746.451 
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0100 0010 0010 1000.0101 
: 0010 1001 0110 (b) 0001 0101 0111.0101 (c) 
z S 1000 0000 1001 (e) 0011 0111.0101 0010 (f) 0010 0000 0100 0000.0000 1000 


10 1100 0011 0000 (c) 1100 1111 1101 (d) 1110 0000 

- X T ioo S Hy 1010 0101 0000 (c) 1010 1111 1100 — (d) 1110 0000 

(a) 0110 0000 1011 (b) 0110 1010 0101 0000 (c) 1010 1111 1001 — (d) 1000 0000 
3.3 (a) 839 (b) 578.9 (c) 697.4 (d) 8603.8 
3.4 (a) 1100 1010 (b) 1001 1000 0110 (c) 1011 0100 0101.1100 

(d) 0100 1100 (e) 0101 1000 0100 1000 (f) 0101 0011 1000 0110.0011 1001 
3.5 (a) 859 (b) 374.5 (c) 695.4 (d) 4526.5 
3.6 (a) 771 (b) 897 (c) 363.3 (d) 399.35 
3.7 (a) 655 (b) 62 (c) 208.7 (d) 215.9 
3.8 (a) 0101 (b) 1010 (c) 11110 (d) 1010000 

e) 1100 10001 
3.9 5 1111 (b) 1011111 (c) 101101101 (d) 11001 

(e) 10101010 
3.10 (a) 1010 (b) 110110 (c) 111101001 (d) 1110 

(e) 1011010 
3.11 (a) Error (b) No error (c) No error (d) Error 

(e) Error 


3.12. (a) 00110 11000 (b) 00101 01100 01001 (c) 10001 11000 10010 
(a) 01 00100 10 10000 (b) 01 00010 10 00001 01 01000 (c) 10 00010 10 10000 10 00100 


(a) 00011 10000 (b) 00001 11111 00111 (c) 11110 10000 10010 
(a) 0000000010 1000000000 (b) 000000001! 0000100000 0000001000 (e) 0001000000 1000000000 0010000000. 
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(e) 1111111 

3.15 1001011001100111000011010101 
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(a) 1100 0010 1100 1001 1101 1001 1110 0001 1100 1000 
(b) 100 0001 100 1011 011 0100 O11 OIII . 
(b) 1100 0001 1101 0010 1111 0100 1111 OILI wer 
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53 (a) P+Q (b) 1 
(e (P $i (o1 
5.4 (a) Y (b) 0 
(c) 0 
(e) 1 (XY «xz, vz des 
5.5 (a) a (b) XY (c) 0 
5.6 @)A (b) 0 (c) AB + EF 9 KBS 
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(i) WX + Y) 1 (k) 1 ape 
ipu T 
5.8 (a) P+QR (b) PQ RS (c 
i ) (A+B)(C4D 
(d) ABCD fi o. 
5.9 (a) AC + BC + AD + BD 
ees (b) ABC + ACD (c) AD + BCD 
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6.1 (a) ABC + ABC + ABC + ABC + ABC 
(b) ABC + ABC + ABC + ABC + ABC + ABC 
(c) ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + 
ABCD + ABCD + ABCD + ABCD + ABCD 
(d) ABCDE + ABCDE + ABCDE + ABCDE + 
6.2 (a) (A+B * C(A +B 


Az... + 


ABCDE + ABCDE + ABCDE 
+C)(A+B+O(A+B+O(A+B+6) 
(>) (A+B+C+D\(A+B+C+D\(A+B+04D 


à c A XA+B+C+DA+B+C+D) 
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(c) (A+B+C+D\A+B+C+D\(A+B+C+D) 


(d) (A+B+C+D\A+B+C+D\A+B+C+D\A+B+C+D) 
(A+B +C+D\A+B+C+D\A+B+C+D\(A+B+C+D) 
(A+B+C+D\A+B+C+D\A+B+C+D) 


$3 @) 17 (b) 16 (c) 8 (4) 16 
eu (11 

64 (a) AC+ BC (b)B+C+D ()A+C B+C 

65 (aya - 


(b) A(B* C(B«D) (c)B 
56 ABC HBD HABRA 

?7 (^ + D(A + C)(A + BXA + D) 

68 ACD +AC 
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69 (a (C+DXA +B) (0) B+ AD i- (c) BD + AC + ACD 
(à) (B« C4 D(A + B + D) + C + DB +C + D) 
(©) AC+BC+ABD (DA(G +C +D) 
6.10 (a) (B + D(B + EXA +B + Gat C+D 
(b) CD + BCE + ABD + ABCD i » n 
(c) ACD + CDEF + ABDE + BDEF + BDEF + ABCDF + ABCDE + ABCDF 
(d) CDE + CDF + ABE + BCDF + ABDE + ABDF + ACEF + BDEF + ABCDF a 
6.11 (a) (A +C+D)Ā +B + D(A +C + D) (b) (A +B + C)(C + DXA + B + C + D) 
(c) (& + D(A + BXB + Č + D) (d) AB+C) 
(e) A+B5+0(A+C+DA * B« O(A +C +D) 


(f BC + BD + ACD 


A +B +C) 


6.12 (3) fın = ACD + ABD + ACD + ABC (b) fim = AD + BC + ABD 
fm = ACD + ABD + BCD + ABCD fj, = AD + BCD + AB + BCD 
f = ACD + ABD ki = AD 
(©) fim = ABC + AD + BC + ACD (d) fim = BC + ABC + AD 
fj, = ABC + ABD + BCD + ACD fj, = AC + BD + ABC 
f£, .=-ACD. fc =ABC 


(b) ACD + ABE + ABC 
(d BD+CD+AC 
(© BCD + ABD « BCD 


6.13 (a) AC + BCD + ABD 
(c) BC+ ACD +BCD + ABC 
(e) ABD + BCD + AE + BC + ABC 
6.14 (a) ADE + BCF + ABD + ABD + ABCD 
(b) ACDF + BCDF + ABCE + ACDE + BCDG + ABD + BCD 
(c) CDF + ABCDG + BCF + BCDH + ABCG + ABCD 
(d) BCDE + ABCG + BCDF + BCDE + ABD + ABCDH 
(€) ACDE + ABDE + ABD +ACDF 
( ABDE + ABC + BCDG + ABDF + ABC 


CHAPTER 7 


7.1 If A, B, C and D are the BCD inputs and f}, fọ, f, and fy are the 2421 outputs, then 


f,=A+BC+BD, f,=A+BC+BD, f,=A+ BC+ BCD, f=D 
7.2 If A, B, C and D are the 2421 inputs and f,, fa, fa, f, and fy are the 51111 outputs, then 


(=A, h=B, f)=AB+BC+BD+ ACD, f,= AB+AG+BC, fj- AB AC AD 
+ BCD 


7.3 If A, B, C, and D are the ex 


E Cess-3 
D, = ABCD Danie 


-Code inputs, the decimal dip; 


Š ı= ABCD p.c decimal digits are given by 
D, = ABCD D, » Aba aa ABCD eam 
D, = ABCD D, = ABCD 6= ABCD D, = ABCD 
7.4 If A, B, C and D 
Wb are ES 2421 code bits, the decimal age ane 
D, = ABCD » Ar MA 
4 D; = ABCD er D, = ABCD 
D, = ABCD Dy = ABCD ee D, = ABCD 


7.5 If A, B, C and D are the 2421 code bits f ipm 
AS ^. 
n KS. MA the 3321 BCD code bits, f, = (A 2d 
. B. are the 5211 inputs, and f,, ff, and (COD) 
f =A, f,=AB+ CD + BC, ff a cab he Ju the 2421 Outputs, 
+ ABC, fy = 


(b) If A; B; ChandiD are the pines ¢ CD C 
outputs, then © binary inputs and f, fs fas f, f f, and fy are DE 
f, = AB + AC, > AADO 


a gS fh = ARC «2 a: — 
f= BD+BCD + ABD + ABC + ABC 37 ABC + ABD + ABC + BCD, 


ES ACD + ACD + ACD + ABD + ABCD 

(c) If A, B, C, and D are th i 

o1 e BCD inputs and G, G», G, 

G,=A, G,=A +B, 
78 (a)f=A®B®C 

b)f=A® BOC 


and G, are the gray code outputs, 


Gis BOBO Gi AD « CD ACD 


CHAPTER 8 


654 Answers to Problems 


Positive edge-triggered 
Q c J 


a 
Negative edge-triggered 
84 Ja b t 
Master-slave 
Q f 


b d 


re —— Fal, NEL S UrL5 
8.6 Q t qx "yt bx 


8701000111 

$8 Let C = 0.1 pF, then R, = 1.47 KQ 
8.10 Let Re = 10 KQ, then Cex = 714 pF 
$11 Let C= 1 pF, then R = 900 Q 


CHAPTER 10 


10.1 (a) Connect all Js and Ks to 1. Provide a RESET pulse R = Q,Q,Q, - 
(b) Connect all Js and Ks to 1. Provide a RESET pulse R = Q,Q;- 
(c) Design equations are J, = Q,Q,Q;, K,=1, J,=Q,Q,, K; =Q b- Qi K,=Q, 
3 2 1 
452Q, K,=1 
(d $;=Q,Q;, R.- QQQj. $7 QQ . R,= QQ + QQ), S17 Q-Q, +0,Q,, R,=Q 
©) T, QQ.Q; + 0.0.0, T= 2.0:Q, T; = QQ T,= QQ 
() D, = QQ; + QQ) + QQQ, Di = Q,Q;Q + QQQ; + Q,Q;2, 
D,=QQ, + 2.2 + QiQ; Q, D = QQ, T Q, + QQ 
10.2 J;=1, Ki-Q, hL-Q, K,;-Q, J =Q, K =Q; yes; J; = QQ, Ks Qr 
h= Q3, K =Q, J4,2QQ, Kı = Q, +Q, 
10.3 (a) D, = Q, 2,9, D, = Q,Q,. D, - 0, 
(b T, = QQ, + QQ + Q,Q + Q,Q, + 0,0,0,, T3 = QQ, + Q + Q,Q) 
T,= 93, + QQ; + QQQ, T, = QQ; + Q,0,Q, + Q, Q;Q, 
a 5 = GQ, T; 7 Q + QQ, Tı = QQ, * Qu; yes, self starting 
(d TQ «X. T,-Q,«X T,=Q, + XQ, 


104 9 = Q = Qs b= OG, Q 
b) T3= QQ). T= Q, + Q, T d 
(©) f= QQQ; + QQ; + QQ, 


(d) f = (Q4Q2). with a 4-bit shi 


h=QG, s. 
iud. ee ft register, 
(e) f = Q4 * Q;Q, * Q1Q, with a 4-b 


105 D= QO + ÕÕ D, Q, p 
10.6 f = (Q,Q, ) with a 3-bit ripple cou 
10.7 S, = 2:2,0\M + Q,0,0,0, 

Sz = Q:2,QM + (Q40, + QQM 


*0:9 75 ; 
2% + Tg, With a 3-bit E 
It shift register, 


179,9, 


inter, 


$- DQM + QTM 


R, = QM + Q,Q,M Sis QM «Qi 
Ry = QQM + QM ye QQQM + Qin 6 
108 D; = Q,Q,M + Q,0,0,M 1= QM + Q 


D; =QQ,M P= QM + Q, +QQM 


CHAPTER 12 


Design equations for the 
Problems are as gi 
given below. 


12.1 J, = 
1 J, = yx, K, zy, h=yx + 7x K. y 
E 2 = 1 


12.2 D; = yx + = m i X * yy, 
: ¥3X, D; yi y. 2 
3 27 YiYoX + yyyxx + ¥3¥2x, D = 
WM EYJ + WX yx 
123 §, = y = = R =F, = = 
¥2X%, R =y, S y y Ye Hay. 
ju 2 2 1% Ry 1» Zy Ir 2 


=Y2X + yyy; + YIX + yy, Th = 


Pies Yiya + Yuys + YoysX +y,% + 7. 
b 3 YiYaX + yoy, x + Yiyax, z= yx "i bis ie: 
5S, = : ; 
3* Y2¥3x, R, = 
E 3 = Yi) Siy EE 
mo 795 tS YX + Yasx, REA Si = yy, + yx, 
~ T= RN ROME 
2 LIS. E-- 
Mieke, a a 
T- 


^LsKjz x 

= 2=y,M+ y,M = = M y vM 

Rg Clock ANDed with Er E : E cer 
applied to J-K FFs. 


'= WY + Ty eyo 
wT Y SX yy x + ayax + Ya yax 


i Yoy4x ty 
l Dey GM IU. + YoVayix - 
29 DX y yx 

1S Yyyy, K, = i YX + Jayaxi Dy =y2y3yaX + Y2Va¥4x 


=F yz 
¥1 ¥3X, K, =x + y, h= yx. K, = X+¥o, z-2yyX 
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CHAPTER 13 


WSL ZV 
13.2 (a) 55/32 V 
13.3 11001100 
134 R,- 10 kQ, R = 7.8125 kQ, 2R = 15.625 kQ, 4R - 31.25 KQ, 88 = 624 KQ 
13.5 6 bits 
13.6 10 mA 
13.7 1, 2 0.75 mA, h= 0.375 mA, 1, = 0.1875 mA, h = 0.09375 mA 
13.8 1.8125 mA, 9.0625 V 
13.9 fra = 5 MHz 
13.10 31 comparators and 32 resistors; 0.5 V assuming R = 1 kQ and the last comparator is 
connected to Voc through 9 kQ. 
13.11 40.95 V 
13.12 10 ps 
13.13 10110000 


(b) 215/64 V 


Active-HIGH gates, 146 
Active-LOW notation, 146 
Active pull-up, 474 
Adder, 5 
BCD, 249 
full, 234 
half, 233 
IC parallel, 244 
look-ahead carry, 242 
parallel binary, 240 
ripple carry, 241 
serial, 248 
serial binary, 522 
Adder/subtractor, 246 
Addition, 5 
Adjacency, 163 
All or nothing gate, 90 
Analog 
circuit, 1 
device, 1 
ICs, 10 
Analog-to-digital converters (ADCs), 546 
counter type, 564 
digital ramp type, 564 
dual-slope type, 569 
flash type, 567 
parallel type, 567 
simultaneous type, 567 
successive-approximation type, 571 
tracking type, 565 
voltage-to-frequency type, 574 
ANSI/IEEE symbols, 104, 106 
Anti-coincidence gate, 98 
Any or all gate, 91 
AOI logic, 94 
Applications of flip-flops, 343 
counting, 344 
frequency division, 344 
parallel data storage, 343 


INDEX 


parallel-to-serial conversion, 344 
serial data storage, 343 
serial-to-parallel conversion, 344 
transfer of data, 343 
Arithmetic circuits, 233 
Asserted levels, 146 
Astable multivibrator, 348, 355 
using 555 timer, 355 
using inverters, 355 
using Op-amps, 357 
using Schmitt trigger, 354 


systems, 334 
Axioms, 121 


Backplane, 280 

Base, 17 

Basic building blocks, 149 
Basic gates, 89 

Basic operations, 121 
BCD arithmetic, 64 


Johnson, 78 
natural, 64 
negatively-weighted, 62 
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i Index 659 
binary to hexadecimal, 46 Deci 
i binary to octal, 41 imal number system, 17 
non-weighted, 62 ced 351 eet to binary, 23 E 6. 269 
— arallel adders, 235, 245 decimal to hexadecimal, 48 AGRUM 
positively-weighted, 62 e erent decimal to octal, 41 eei Sp Md 
capra 7 synchronous counters, 453 pu o ard id ds BCD-to-decimal, 273 
self-complementing, 63 Cahodo ny Po ' hexadecimal to decimal, 47 poB on segment, 275, 277 
Sequential, 63 Cell, 162, Ur hexadecimal to octal, 50 Dei € CO 
unit distance, 63 Cell table, 53 octal to binary, 40 De sees d 
= Check sums, 76 5 morganization, 132 
weighted, 62 : octal to decimal, 41 Demultiplexers, 7, 299 
XS-3, 67 Chip, 10 ‘is octal to hexadecimal, 49 ‘aint MA 
XS-3 Gray, 74 Chip reets Ea Conversion of flip-flops, 339 1-line to 8-line, 300 
Binary multipliers, 251, 254 Circuit oe 376 D to J-K, 342 Demultiplexing, 7 
Binary number system, 20 Clipping circuits, D to S-R, 340 Derived operations, 121 
addition; 26 Clock skew, 32 J-K to D, 342 Digit, 17 
division, 29 Clock transition times, 331 J-K to S-R, 340 Digital 
multiplication, 28 CMOS, 498 eh BE to io iod circuits, 1 
i bilateral switch, -R to D, clock, 455 
x — a6 buffered and unbuffered gates, 501 S-R to J-K, 339 coupe’ 
ipo ME. 309 inverter, 499 Conversion time of ADC, 565 ICs, 10 
Bistable multivibrator, 3 NAND gate, 499 Counters, 8, 389 quanti 46 
= NOR gate, 500 | applications, 455 systems, 1 
poop sinon ES o dian outputs, 503 asynchronous, 389, 391 Digital-to-analog (D/A) conversion, 547 
Boolean algebraic laws, 121 deese 501 design of, 394 Digital-to-analog converters (DACs), 546 
absorption, 128 geri basic ring, 438 bipolar, 551 
AND, 122 Code converters, 253 | BCE 420 panten of, 548 
associative, 123 tinay CD. Bes decades 407 accuracy, 548 
commutative, 122 binary-to-gray, 256 bt digital, 389 monotonicity; 549 
complementation, 122, 127 gray-to-binary, 257 ibe divide-by-N, 390 offset voltage, 549 
consensus, 129 Code converters using ICs, 259 "m full modulus, 390 resolution, 548 
De Morgan's, 130 Combinational circuits, 309 f | hybrid, 412 settling time, 548 
distributive, 124 Common-anode type LED display, 276 x Johnson, 439. R-2R ladder type, 552 
double negation, 127 Common-cathode type LED display, 276 modulus, 390 switched-capacitor type, 562 
idempotence, 126 Comparators, 265 presettable, 432 switched current-source type. 560 
identity. 127 Complement arithmetic | programmable, 431 using BCD input code, 550 
null, 128 1's complement, 37 ring, 385, 438 - weighted-resistor type, 557 
OR, 122 2's complement, 35 ripple, 389, 397, 404 Diode matrix, 284 
transposition, 130 T's complement, 44 self-starting, 414, 422 Direct logic, 442 
Branching method, 217 8's complement, 44 serial, 389 Discrete 
Bubbled AND gate, 97 9's complement, 18 1 shift register, 437 AND gate, ie 
Bubbled OR gate. 95 10's complement, 18 shortened modulus, 390 na EY 
Buffer/driver, 483 15's complement, 51 synchronous, 389, 408 Sos n e 
Buffer register, 369 16's complement, 51 | design of, 413 Ga E ES 
Computation of total gate inputs, 161 | IC, 428 Bate wei ze 
Computer method of division, 30. d twisted ring, 439 e Divider, 6 
Canonical POS form, 156. 159 Computer method of multiplication, 28 rystal-controlled clock generator, ee echunna a4 
Canonical SOP form. 156, 157 Control unit, 12 ' Current mode logic, 488 Dominating rows, 214 
Carry flag. 30 Controlled buffer register, 369 j Current steering logic, 488 Don’t care 
Carry generate function, 244 Controlled inverter, 96, 98 combinations, 179, 213 
Carry-in. 243 Conversion from itions, 
Carry propagate function, 244 binary to decimal, 21 bes lock-out FF, 338 contin 186 
Carry-out, 5. 234. 243 binary to gray, 73 a selector, 290 
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Double dabble method, 23 
Double precision, 39 
Dual-in-line package, 10 
Duality, 133 
Duals, 134 
Duty cycle, 4 
Dynamic 
inverter, 383 
MOS inverter, 506 
MOS logic, 505 
MOS registers, 383 
NAND gate, 507 
NOR gate, 507 
RAMs, 596 
address multiplexing, 598 
combining, 604 
refreshing, 598 
shift register, 383 


ECL RAMs, 596 
Edge-triggered flip-flops, 317 
D, 321 
J-K, 323 
S-R, 319 
T. 326 
EEPROM, 589 
Encoders, 6, 281 
decimal-to-BCD, 283, 285 
keyboard, 284 
octal-to-binary, 282 
priority, 285 
decimal-to-BCD, 285 
octal-to-binary, 287 
Encoding, 6 
End around carry, 18, 37, 44, 52 
EPLD, 617 
EPROM, 587 
Equality comparator, 267 
Even parity checker, 262 
Excess-n notation, 40 
Excess-3 arithmetic, 67 
Excitation table, 414, 518 
Exponent, 39 


Fall time, 4 
Falling edge, 4 
Fan-in, 467 
Fan-out, 468 

Fast (F) TTL, 471 


Finite state model, 515 
Firmware, 590 
Flat package, 10 
Flip-flops, 309 
maximum clock frequency, 331 
non-clocked, 310 
operating characteristics, 329 
hold time, 330 
power dissipation, 332 
propagation delay time, 329 
set-up time, 330 
Floating point numbers, 39 
Floppy disk, 622 | 
FPLA, 611 
Frequency counter, 458 
Frequency stability, 358 
Full-subtractor, 238 


Gated latches, 315 
D, 316 | 
S-R, 315 

Gating, 353 

Generation of narrow spikes, 318 

Giant scale integration, 466 


Half-subtractor, 236 
Hard disk, 624 
Hex dabble method, 48 
Hexadecimal number system, 45 
addition, 50 
division, 54 
multiplication, 54 
subtraction, 51 
Hybrid logic, 141, 181 
Hybrid systems, 2 
Hysterisis loop, 347 


Illegal code, 64 
Inclusive OR gate, 91 
Incompletely specified functions, 193 
Index of the term, 207 
Indirect logic, 445 
Inequality detector, 98 
Inhibit 
carries, 531 
circuits, 100 
unit, 12 j 
Instruction code, 40 inh 


Interfacing, 536 
CMOS to TTL, 504 
ECL to TTL, 509 
TTL to CMOS, 509 
TTL to ECL, 509 

Inverter, 93 

iterative network, 531 
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"E 

circuits, 1 

design, 2, 89 

diagram, 137 

levels, 3 

operations, 121 

race, 181 
Logic families, 471 

CMOS (see CMOS) 


J-K flip-flop with active-LOW PRESET and CLEAR, ECL, 488 


345 


Karnaugh map, 156 
five-variable, 174 
four-variable, 171 
six-variable, 176 
three-variable, 167 
two-variable, 161 


Latch, 310 
active-HIGH input, 310 
active-LOW input, 310 
LCD displays 
dynamic scattering type, 279 
field effect type, 279 
operation of, 279 
Leading edge, 3 
Least significant digit, 17 
LEDs, 275, 278 
Level 
logic, 89 
shifters, 504 
translator, 492 
Levels of integration, 10 
LSI, 11 
MSI, 11 
SSI, 10 
ULSI, 11 
VLSI, 11 
Light emitting segments, 275 
Linear sequence generator, 449 
Liquid crystal cells, 279 
reflective type, 279 
transmittive type, 279 
Literals, 208 
Loading factor, 468 
Lock-out, 390 
elimination of, 423 


interfacing, 492 
subfamilies, 491 
wired OR operation, 491 
PL, 486 
MOS, 494 
TIL, 471 
characteristics, 485 
current sinking, 474 
current sourcing, 474 
HIGH-state fan-out, 475 
loading, 474 
LOW-state fan-out, 475 
open collector output, 479 
passive pull-up, 480 
subfamilies, 483 
totem-pole output, 473 
tri-state, 482 
unit load, 476 
wired AND operation, 480 
Logic gates, 89 
AND gate, 90 
NAND gate, 94 
NOR gate, 96 
NOT gate, 93 
OR gate, 91 
X-NOR gate, 99 
X-OR gate, 98 
Look-ahead carry, 411 
Lower trigger level, 347 


Magnetic recording formats, 619 
Mainframe, 13 
Mantissa, 39 
Master reset, 432 
Master-slave flip-flops, 333 

D. 336 

J-K, 337 

S-R, 334 

with data lock-out, 339 
Maxterm, 156 
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Mealy model, 519 
Memory, 578 
add on, 578 
auxiliary, 578 
bit organized, 578 
charge coupled, 628 
data, 578 
expansion of, 598 
FIFO, 606 
data-rate buffer, 607 
internal, 578 
loop arrangement, 626 
magnetic, 617 
magnetic bubble, 578, 625 
major/minor loop arrangement, 626 
magnetic core, 617 
magnetic disk, 618 
magnetic tape, 625 
main, 578 
mass, 578 
optical disk, 627 
peripheral, 578 
program, 578 
random access, 582 
read only, 582 
read/write, 582 
sequential access, 582, 605 
volatile, 582 
word organized, 598 
Memory unit, 12 
Microcomputer, 13 
Minicomputer, 13 
Minterm, 156 
Modulus arithmetic, 35 
Monolithic IC, 10 
Monostable multivibrator, 348 
applications, 353 
Moore model, 519 
MOS resistor, 495 
Most significant digit, 17 
Multiple output minimization, 184, 220 
Multiplexers, 290 
2-input, 290, 291 
4-input. 292 
8-input, 293 
16-input, 293 
applications, 294 
Multiplexing, 290 
seven segment displays, 297 
Multiplier, 6 
Multiplier quotient register. 28 


NAND logic, 142 
Negative AND gate, 97 
Negative edge-triggered FF, 318 
Negative logic system, 3, 89 
Negative OR gate, 95 
Nibble, 46 
NMOS 

inverter, 496 

NAND gate, 497 

NOR gate, 497 
Noise, 2 
Noise margin, 469 
Non-volatile RAMs, 604 
NOR logic, 142 


Octal number system, 40 
addition, 43 
division, 46 
multiplication, 45 
subtraction, 43 
One-shot, 348 
non-retriggerable, 350 
triggerable, 350 
Optical ROM, 628 
Output carries, 531 
Output unit, 13 


Pair, 163 
Parallel data transfer, 368 
Parity, 75 
block, 76 
even, 75 
odd, 75 
two-dimensional, 76 
Parity bit generator/checker, 259. 263, 526 
Parity word, 77 
Perfect induction, 120 
Period, 4 
Positional-weighted system, 17 
Positive edge-triggered FF, 318 
Positive logic system, 3, 89 
Postulates of Boolean algebra, 121 
Power dissipation in logic gates, 467 
Prime implicant chart, 212, 222 
Prime implicants, 208, 220 
essential, 213 
Priority encoders 
decimal-to-BCD, 285 
octal-to-binary, 287 


Program, 2 

Programmable array logic, 608 

Programmable logic devices (PLDs), 608 
erasable, 617 

PROM, 587, 615 

Propagation delay in gates, 466 

Propositional, 5 

Pseudo analog quantity, 548 

Pull-down transistor, 474 

Pull-up transistor, 474 

Pulse, 3 

Pulse train generators, 442 
using shift registers, 447 

Pulse triggered FFs, 334 

Pulsed operation, 109 


Quad, 164 

Quartz crystal oscillator, 358 
Quasi-stable state, 348 
Quine-McClusky method, 206 


Radix, 17 
Read/Write input, 580 
Recirculating shift register, 605 
Register, 368 
Retriggerable IC one-shot, 350 
Ripple carry 
adder, 241 
output, 429 
Rise time, 4 
Rising edge, 4 
ROM, 583 
applications of, 590 
block diagram, 584 
mask programmed, 586 
Organization of, 583 
Programming the, 582 
timing, 585 
lypes of, 586 


Schmitt trigger, 347 

Secondary essential prime implicants, 214 

?*quence detector, 524 

4 design using iterative networks, 532 

?*quential circuits, 309, 515 
Synchronous, 522 


Index — 663 
Sequential machines, 515 
Counters, 528 
memory elements, 518 
Serial binary adder, 522 
Serial data transfer, 368 
Serial/parallel data conversion, 385 
Serial parity-bit generator, 526 
Seven-bit Hamming code, 80 
Seven segment display, 276 
Shift registers 
applications, 384 
bidirectional, 381 
data transmission in, 371 
dynamic, 383 
parallel-in, parallel-out, 379, 380 
parallel-in, serial-out, 377, 378 
serial-in, parallel-out, 376, 377 
serial-in, serial-out, 372 
static, 383 
universal, 381, 382 
Sign bit, 31 
Sign magnitude form, 31 
Single-shot, 348 
Speed power product, 470 
S-R latch, 310 
NAND gate, 313 
NOR gate, 311 
Stable state, 309, 348 
Standard POS form, 156 
Standard SOP form, 156 
State diagram, 517 
State table, 517 
Static RAMs, 593 
read cycle, 594, 595 
write cycle, 594, 595 
Strobing, 402 
Substrate, 10 
Subtraction, 5 
Subtractor, 5 
Sum-of-weights method, 23 
Switching circuits, 1, 309 
System design, 2 


Tabular method, 206 
Terminal count, 390 
Threshold voltage, 466 
Time delays, 384 
Time race, 332 
Timing diagrams, 109 
Trailing edge, 4 
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Transition and output table, 517 Upper trigger level, 347 
Transition time, 1 

Triple precision, 39 

Truth table, 89 Variable mapping, 189 
Two-level logic, 181 
Two-state devices, 20 


Wired AND operation (see TTL) 


UART, 385 WM R operation (see ECL) 
nates a Wordsize, 579 
Universal Wrapping around, 168 

building blocks, 94 

gates, 94 


logic, 180 XS-3 arithmetic, 67 
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